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ABSTRACT OF DISSERTATION

Heterojunctions and Schottky Diodes on Semiconductor Nanowires for Solar Cell
Application
Photovoltaic devices are receiving growing interest in both industry and research institutions
due to the great demand for clean and renewable energy. Among all types of solar cells,
cadmium sulfide (CdS) – cadmium telluride (CdTe) and cadmium sulfide (CdS) - copper
indium diselenide (CuInSe2 or CIS) heterojunctions based thin film solar cells are of great
interest due to their high efficiency and low cost. Further improvement in power conversion
efficiency over the traditional device structure can be achieved by tuning the optical and
electric properties of the light absorption layer as well as the window layer, utilizing nano
template-assisted patterning and fabrication. In this dissertation, simulation and calculation of
photocurrent generation in nanowires (NW) based heterojunction structure indicated that an
estimated 25% improvement in power conversion efficiency can be expected in nano CdS –
CdTe solar cells. Two novel device configurations for CdTe solar cells were developed where
the traditional thin film CdS window layer was replaced by nanowires of CdS, embedded in
aluminum oxide matrix or free standing. Nanostructured devices of the two designs were
fabricated and a power conversion efficiency value of 6.5% was achieved. Porous anodic
aluminum oxide (AAO) was used as the template for device fabrication. A technology for
removing the residual aluminum oxide barrier layer between indium tin oxide (ITO) substrate
and AAO pores was developed. Causes and remedies for the non-uniform barrier layer were
investigated, and barrier-free AAO on ITO substrate were obtained. Also, vertically aligned
nanowire arrays of CIS of controllable diameter and length were produced by simultaneously
electrodepositing Cu, In and Se from an acid bath into the AAO pores formed on top of an
aluminum sheet. Ohmic contact to CIS was formed by depositing a 100 nm thick gold layer
on top and thus a Schottky diode device of the Au/CIS nanowires/Al configuration was
obtained. Material properties of all these nanowires were characterized by scanning electron
microscopy (SEM), X-ray diffraction (XRD), absorption measurement. Current-voltage (I-V),
capacitance-voltage (C-V) and low-temperature measurements were performed for all types
of devices and the results were analyzed to advance the understanding of electron transport in
these nano-structured devices.
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1. Introduction

1.1 Growing demand for electricity
Energy consumption of the whole world is increasing exponentially for these decades,
but the supply of fossil fuels does not have an exponential growth as the demand does.
An emerging technology - photovoltaic (PV) cells, could deliver a large portion of
United States‟ needs in the next 40 years if they are properly developed. The
importance of developing renewable energy sources is a topic that has been discussed
for decades. However, the choice of energy source is largely dependent on its
availability. According to the EIA[1], the United States and China have vast coal
reserves, while Iceland gets virtually all of its electricity from either hydroelectric or
geothermal power plants and 98.5 percent of Norway‟s electricity is generated from
hydropower[2]. France, because of its shortage of fossil fuels and limited suitable
hydroelectric sites, depends on nuclear power for almost 80 percent of its electricity.
Due to the polluting nature of coal, both China and the United States are in the process
of expanding their nuclear power capabilities substantially within the next decade.
Denmark gets much of its electrical power from wind turbines and Germany, which
also has limited fossil fuel resources, is currently investing heavily in its solar power
capability.

Figure 1.1 gives the percentages of various sources used to generate the world‟s
electrical energy in 2007[1]. Also, given in parentheses are the amounts of electricity
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generated by these sources in giga-kilowatt-hours (GkWh). The worldwide total
amount of consumed electricity in 2007 was 16,990 GkWh, which is the energy
equivalent of a little over ten billion barrels of oil or 2.57 billion tons of coal. It is seen
from figure 1.1 that fossil fuels are used to generate about two-thirds of the world‟s
electricity[2].

Figure 1.1: World consumption of electricity by energy source.

The 2008 amounts and percentages of the sources used to generate electricity within the
United States are given in figure 1.2[1]. As in the United States, about half of the world‟s
electricity is generated by coal. Neither the amounts in figure 1.1 nor 1.2 includes the
generation and distribution losses.
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Figure 1.2: 2008 United States consumption of electricity by energy source.

Figure 1.3 shows the electricity consumption, excluding generation and distribution
losses, in both the world and United States during the period 1980 through 2007[1].
Superimposed on the actual data curves are the exponential approximation of the world
data and the linear approximation of the United States data. The exponential
approximation of the world data shows a compounded three percent increase per
year[2]. By including the necessary excess capacity, this growth implies that in the
succeeding years the worldwide generating capacity would need to be increased by
122.9 GW, 126.3 GW, 130.1 GW and so on just to keep pace with demand. If the recent
trend continues, by 2040 the worldwide demand would be 43,230 GkWh, more than
two and a half times its 2007 demand. The United State has increased consumption at a
linear rate of 74.68 GkWh per year and would need to add 18.7 GW to its generating
capacity each year to meet its future demands. Its demand in 2040 would be 6490
GkWh. To add 18.7 GW of capacity would require the construction of over eighteen
1,000 MW generating plants[2].

3

Figure 1.3: Electricity consumption in GkWh.

Not only has consumption increased in the United States, but the consumption per
capita has also increased[2]. However, on a per capita basis, the industrial sector‟s usage
has not grown while the residential sector has increased its usage by 65 percent and the
commercial sector has more than doubled its per capita consumption. The

average

Canadian or American, including commercial and industrial usage, consumes 4 to 6
times as much electricity as the average person in the world as a whole. In 2006, the
average person in the United States used 12,936 kWh, while the average person in the
world used only 2,480 kWh and the average Chinaman used only 1,682 kWh. However,
China is increasing its consumption at an astonishing rate. From 1980 to 2006, China‟s
consumption went from 261 GkWh to 2529 GWkh and more than doubled in the six
years between 2000 and 2006. Not only is China‟s consumption increasing, but its
consumption growth rate is increasing[2].
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Although oil and gas fields and coal mines are still being discovered by exploration
companies, the supply of fossil fuels does not have an exponential growth as the
demand of energy does. Likewise as the non-renewable energy sources scarce the price
of generating electricity from them increases, this underdevelopment of fossil fuels
supply added to the exponential growth of the demand could bring important economic
and political problems[2].

1.2 The technology of photovoltaic cells can deliver a large portion of U.S. needs
A big part of the renewable energy sources available in the world is the energy
delivered by the sun. There is a wide variety of useful devices involving the interaction
of photons and electronics. Solar cell/module is one of the most commonly used
electroluminescence devices. Nowadays, solar cells have been widely used for many
different applications. Solar cells are dominant in the region of long-duration power
supply for satellites and space vehicles. Solar cells have also achieved great success in
small-scale terrestrial applications. Compared with conventional energy resources such
as gasoline, solar cells show great advantages in terms of no pollution and unlimited
source. Recently, research and development of variety of materials used for solar cells
and fabrication process or special technology to produce high efficient solar cells have
increased. In the near future, the costs of fabrication process will be economically
feasible and wide use of solar energy will become realistic. This generating technology
could deliver a large portion of United States‟ needs in the next 40 years[3].
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The southwestern desert of the United States has a generation capacity of 2940GW.
This generation capacity could be obtained converting this energy from the sun into
electrical power by installing photovoltaic plants.

The development of this new generating plants means that the power grid also has to be
updated. The United States will have to build a direct current (DC), high-voltage
transmission line infrastructure to transmit electricity from Southwestern U.S. to cities
and regions across the nation.

The energy generated by PV plants will have to be stored in order to be able to use it
during the night when there is no electricity generated by this type of plants. This can be
made using the electrical energy at the destination region to produce compressed air,
which can be stored in underground caverns and other storage facilities used at present
for storing natural gas. At nighttime the compressed air will be released in demand, to
turn turbines that generate electricity for regional needs, aided by burning small
amounts of natural gas[2].

This electrical development model states that by 2050 solar power could be able to
provide 69% of the electrical energy and 35% of the total energy needs of United
States. This will end the dependence on foreign oil of the United States and will reduce
significantly the greenhouse gas emissions. Also, a change of technology and update of
the power grid will increase the number of domestic jobs.

6

The solar power development could even decrease the energy demand. Assuming the
United States had a 1% annual electric energy demand growth, by 2050, the total
energy consumption will actually become lower than today. In 2006 100 quadrillion
Btu were consumed. This will fall to 93 quadrillion Btu by 2050 because, today, a lot of
energy is consumed just to extract and process fossil fuels and later, even more energy
is wasted in burning the fuels and controlling their emissions[2].

1.3 Generation and storage of electricity produced by solar cell arrays
A photovoltaic cell generation plant consists of several panels containing large
photovoltaic sheets or arrays of solar cells and connecting them together in such a way
that they produce a suitable voltage and current. This energy has to be stored in the day
so it can also be used in the night. A very popular medium used to store electrical
energy generated by small photovoltaic arrays is a battery array. However the battery
technology is not able to store large quantities and their life time is not high enough to
be an affordable solution for a photovoltaic generation plant. A proposed method to
store the energy generated by the PV plant is the use of air compressors and
underground gas storage facilities. Figure 1.4 shows a diagram of a generic
photovoltaic generation plant (arrays of solar cells/modules connected in series or
parallel) and storage facilities[2].
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Air
Compressor
DC

Air

DC

HVDC Grid

Turbine &
Generator
Air

dc

Underground
gas storage

AC

To existing
power grid

Solar cell
array
Figure 1.4: Diagram of a photovoltaic generation plant.

To date, most solar cells are for generating the electricity requirements for a single
home or business. A diagram of such a system is given in figure 5[2]. Because solar cells
produce dc electricity, a dc to ac inverter must be included to obtain the ac electricity
required by the appliances and equipment in the home or business and to match the
electricity on the power grid. The system may be connected to the power grid, as shown
in figure 1.5, or have a bank of batteries for storage that could provide electricity when
the Sun is not shining[2]. If it is connected to the power grid, then a meter is included
that allows the home or business to receive credits when the solar cell system is
producing excess power and debits when power must be drawn from the power grid.
How the credits and debits are translated into money depend on the current state and
national laws. While steam powered plants tend to be large, centralized systems that
take advantage of the economy of scale, solar cell systems are relatively small and
distributed, but reduce the transmission costs. Large solar cell systems for the sole
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purpose of supplying power to the grid will become common when they become
economically competitive[2].

Meter (optional)
To/from power grid

ac
ac

Refrigerator
ac

dc

Inverter

dc

Solar cell array

Lights
Air conditioning
Electronics

Batteries (optional)

Figure 1.5: Diagram of a solar cell system for a home or business.
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2. Theory

2.1 General concepts and theories on solar cells
In order to make solar cells more competitive, it is necessary to make them more
efficient while reducing their price. Thus it is important to understand the definition of
efficiency and the basic operation of the cell. Figure 2.1[2] shows the basic operation of
a solar cell.

Sun

Photon
Metallic Contact
Window
Semiconductor

Electron
Electron-hole pair
Hole

Absorbing
Semiconductor

Metallic Contact
Figure 2.1: Basic operation of a solar cell.

The sun‟s light contains particles called photons, these millions of photons have to be
absorbed by the material the solar cell is made. When a semiconductive material
absorbs a photon, an electron gains energy so it can move more easily. The energy gain
of this electron forms a hole in the energy level that it was before. This means that a
single photon is capable of generate two types of current: the movement of the electron,

10

and the filling of the hole. For the case of this explanation we could consider the
electron and the hole as two particles with the same amount of energy but different sign.
The movement of these electrons and holes is what creates current. In order to collect
these electrons and holes a different type of semiconductor is used called window. This
semiconductor has two functions: allow the transit of the photon and generate an
electric field capable of separate the electron from the hole. In this way a metal
connected to the window can collect the electrons and a metal connected to the absorber
can collect the holes. This is how the energy from the sun is converted. The efficiency
of a given solar cell will depend in how transparent is the window semiconductor, how
absorbing is the absorber semiconductor and how many electrons and holes are
collected[2].

The simplest model of a silicon p-n junction solar cell is provided in Fig. 2.2[4]. As is
known, minority carriers generated thermally within a diffusion length of each side of
the junction diffuse to the depletion region and are swept to the other side by the
electric field. If the junction is uniformly illuminated by photons with   E g , an
added generation rate gop(Electron Hole Pairs/cm3-s) participates in this current. Note
that here we only focus on the EHP generated near the junction (in the depletion
region and within a diffusion length) mainly due to the fact that most holes generated
in the n-region far from the junction as well as electrons generated in the p-region far
from the junction are minority carriers thus may get recombined with the majority
carriers before they can diffuse to the junction.
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Figure 2.2 Simplest model of silicon p-n junction solar cell and I-V curve

The resulting current due to collection of these optically generated carriers by the
junction is

I op  qAg op L p  Ln  W 

(2.1)

If we call the reverse saturation current I0, we can add the optical generated current to
find the total reverse current with illumination. Since this current is directed from n to
p, the diode equation becomes

(2.2)

Thus the I-V curve is lowered by an amount proportional to the generation rate as we
can also see in Figure 2.2. This equation can be considered in two parts: the dark
current described by the usual diode equation and the current due to optical
generation.
12

What seems to be most attractive to us from the I-V characteristics is the fact that in
the fourth quadrant, the junction voltage is positive while the current is negative. In
this case power is delivered from the junction to the external circuit which functions
as solar cells. This is the most critical principles that how p-n junction devices can
work as a power source which convert solar energy into electrical energy.

If we consider that how much power can be delivered by an individual device, the
voltage is restricted to values less than the contact potential, which typically is less
than 1 V and the current is in the range of 10~100 mA for a junction with an area of
about 1 cm2. However, typically we will use arrays of p-n junction solar cells
depending on how much power we need to supply. Such solar cells are connected in
series to obtain a high voltage and connected in parallels to acquire a large current
flow.

Figure 2.3[4] shows the characteristic of solar cells with maximum power output
indicated by shaded rectangle. The open circuit voltage Voc and short circuit current
Isc are determined for a given light level by the cell properties. The maximum power
that can be delivered to a load by this solar cell occurs when the product abs(VI) is a
maximum. The ratio ImVm/IscVoc is called the fill factor, and is a merit for solar cell
design.
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Figure 2.3 Maximum power output of solar cells

From this figure we can clearly see that a series resistance of only a few ohms can
seriously reduce the output power of a solar cell. Thus to reduce the series resistance
in solar cell fabrication becomes a great challenge for us.

A lot of works have been done to improve the solar cell structure so as to increase the
efficiency. First of all, contacts to the thin n region require special design. If this
region is contacted at the edge, current must flow along the thin n region to the
contact, resulting in a large series resistance. However, if this region is contacted at
the surface, incident light will be weakened. To prevent this effect, the contact can be
distributed over the n surface by providing small contact fingers. These narrow
contacts serve to reduce the series resistance with least interference to the incoming
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light. To utilize a maximum amount of available optical energy, it is necessary to
design a solar cell with a large area junction. Thus the contacts are usually made grid
and the surface is usually coated with appropriate materials to reduce reflection and to
decrease surface recombination.

There are many other ways to increase the optical path of silicon solar cell to improve
absorption. Reflective back contact is one of them[4]. Instead of a normal contact on
p-silicon side, we make the contact with reflective conducting material so that the
same optical length is achieved with only half physical thickness, which could be
closer to the minority carrier diffusion length. Other approaches, such as vertical
junction, which duplicates junctions periodically every diffusion length, pyramidal
surface, which reduces the reflective coefficient, are widely used to increase the solar
cell efficiency.

Besides, many compromises must be made in solar cell design. For example, the
junction depth must be small enough to allow minority carriers generated near the
surface to diffuse to the junction before they recombine. At the same time, the film
must be thick enough to absorb most light. What‟s more, a large contact potential is
desirable to obtain a large photovoltage since it is limited by the contact potential V0,
and therefore heavy doping is necessary according to the formula
V0 

kT N a N d
ln
q
ni2
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(2.3)

On the other hand, long lifetime of minority carriers is desirable and these are reduced
by doping too heavily. In practice, people use different kinds of technology for
different types of solar cells to satisfy most of these requirements. Also the cost will
be taken into consideration for large scale solar cell production.

2.2 Different types of solar cells

2.2.1 Silicon solar cells
Silicon is used to produce the most popular solar cells mainly due to the fact that we
are most familiar with it in semiconductor field. Because of the purity of silicon and
energy intensive methods, the efficiency of monocrystalline (or single crystalline)
silicon cells is relatively high and the electrical properties of individual modules are
quite stable. There is, of course, a high cost associated with the use of relatively thick
wafers of pure silicon. It accounts for roughly 40% of the entire production cost
which makes it the most significant factor. Despite the high cost, some 40% of the
solar cells produced in the world, during 2009, were single crystal silicon and,
according to the manufacturer‟s data in 2009, the highest module efficiency available
for single-crystalline silicon is 20%[5].

As the counter part, polycrystalline silicon solar cells can be produced using
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lower-grade silicon material which means it allows more cost-efficient production.
Crystals of various sizes are formed during this process which means there are defects
at the edges of individual crystals. Due to the defects, the efficiency is less than that of
single-crystalline cells. The portion of polycrystalline silicon modules produced
worldwide in 2009 was just over 50% and, in general, their efficiencies were around
16 – 17 % in 2004[5].

However, silicon is not the best material for solar cell fabrication as far as is known.
For fully exploiting the incident light energy, we want the material bandgap to be very
small to absorb photons in red and even infrared region. While at the same time, we
want the output voltage to be as large as possible, which results in the need for wide
bandgap. A balance is achieved at the energy gap of Eg = 1.5 eV, where the product of
output voltage and current maximized. However, the bandgap of silicon is 1.1 eV
which results in a lower efficiency.

What‟s more, silicon has an indirect bandgap which leads to a much smaller
absorption coefficient (about one hundred times less than the one with a direct
bandgap). That is to say, to fully absorb incident light, we need 100 times thicker
silicon layer than other direct bandgap materials. High surface recombination rate can
be expected for a thick silicon layer, which will also result in a lower efficiency.
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On one hand, a lot of works have been done on improving the solar cell structure to
increase the efficiency. On the other hand, researchers are looking for new materials
that could replace silicon and achieve higher efficiency, lower cost. People have
invented a lot approaches to improve the efficiency of solar cells. For example, in
many applications, heterojunction solar cells are used instead of homojunction p-n
silicon to increase the light absorption.

2.2.2 CdS based inorganic heterojunction solar cells
Heterojunctions are junctions formed between two semiconductors with different
energy bandgaps. A typical heterojunction band diagram in equilibrium is shown in
Figure 2.4[4]. Light with energy less than Eg1 but greater than Eg2 will pass through
the first semiconductor, which acts as a window, and will be absorbed by the second
semiconductor. The advantages of heterojunction solar cells over conventional p-n
junction solar cells include: a) enhanced short-wavelength spectral response because
most photons are absorbed inside the depletion region of the second semiconductor,
thus surface recombination of high-energy photons generated electron hole pairs
(EHP) greatly decreased; b) lower series resistance because the first semiconductor
can be heavily doped without causing the lifetime of minority carriers short; c) high
radiation tolerance.
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Figure 2.4 Typical heterojunction band diagram in equilibrium

Cadmium sulfide (CdS) is a commonly used n-type semiconductor as a window layer
for heterojunction solar cell application. By selecting proper p-type semiconductor as
an absorber layer, people have developed many kinds of heterojunction solar cells,
among which CdS/Cu2S, CdS/CdTe, and CdS/CIS combinations are the most
promising solar cells.

Copper sulfide based heterojunction solar cells were widely developed and used back
in the 1980s. Efficiency as high as 9.15% had been achieved for thin film CdS/Cu2S
solar cells[6]. But this kind of solar cells was abandoned later because of the
degradation problem caused by copper migration and diffusion into the CdS layer
which shifts the junction depth. The lifetime of this kind of solar cells is generally
very short and soon people found alternatives for it.
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Cadmium telluride was found to be a very suitable absorbing layer for solar cells.
CdS/CdTe based solar cells have reached an efficiency of 16.5%[7] which is close to
the predicted efficiency limit of 17.5%[8]. This kind of solar cells has been used for a
long time and still being widely used nowadays.

Solar cells made of CdS/CdTe heterojunction are widely used as thin film solar cells
due to the near ideal bandgap properties of CdTe absorber layer. CdTe has a direct
bandgap of 1.5 eV, which is close to the perfect bandgap 1.45 eV for solar cell
application according to the theories[9]. CdS is grown on CdTe for lattice match, and
also performs as a window layer for lights to come in and be absorbed near the
junction.

There are generally two types of substrate for growing CdS-CdTe solar cell. One is
glass or ITO coated glass, and the other one is the flexible metal foil, such as
molybdenum. The structure of glass-based CdS-CdTe solar cell is sketched in Figure
2.5[10].

Figure 2.5 Structure of CdS-CdTe solar cells on glass substrate
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CdTe has a much better bandgap than silicon. However, general CdTe-CdS solar cells
are not much more efficient than silicon solar cells as we might expect. This is due to
a lot of design issues associated with the fabrication procedure of CdTe-CdS solar
cells.

First of all, it is hard to make good contact to p-CdTe layer. In many cases we wish to
have an ohmic metal-semiconductor contact which has a linear I-V characteristic in
both bias directions because we want the contact to be with minimal resistance and no
tendency to rectify signals. Ideal metal-semiconductor contacts are ohmic when the
charge induced in the semiconductor in aligning the Fermi levels is provided by
majority carriers. That is to say, there is no depletion region occurring in the
semiconductor in this case since the electrostatic potential difference required to align
the Fermi levels at equilibrium calls for accumulation of majority carriers in the
semiconductor. For example, in the case of p type CdTe layer being connected to
metal, charge induced in the p-CdTe is positive which are carried by holes. This
lowers the semiconductor electron energies relative to the metal at equilibrium. Thus
the barrier to holes flow across the junction is small and easily overcome. To achieve
ohmic contact, the work function of the metal must be larger than that of the
semiconductor (  m   s ) as we can see in Figure 2.6[4].
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Figure 2.6 Work functions of metal and p-type semiconductor

However, the problem is, the work function of p type CdTe is so large that it is very
difficult to find a metal that has a larger work function than that of CdTe. According
to the ideal metal-semiconductor theory, the contact barrier for holes is
simply  b    E g   m . Even with a quite common value of 4.3 to 4.5 eV for the
CdTe electron affinity, this would require a contact metal with a high work function
exceeding 5.5 eV[11]. Actually we have not found yet even one kind of metal that
meets the requirement. What we do instead is to build a Schottky contact to CdTe
(  m   s ). Ideally if the CdTe layer is heavily doped, the depletion region is very
thin and carriers can cross the junction by tunneling. In this case we could still get
similar transfer characteristic as ohmic contact. Unfortunately, it is hard to dope
p-type CdTe heavily because CdTe is prone to self-compensation. That‟s really a
limitation to a wider application of CdS-CdTe heterojunction solar cells.
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Production of large CdS-CdTe thin film solar cell modules is also limited by the low
efficiency of the photovoltaic process compared with silicon-based solar cells. Large
commercial modules only reach values of approximately 9%[12]. One of the major
reasons for this poor performance is the presence of deep defects in the CdTe absorber
layer. These defects can capture the charge carriers generated by the photovoltaic
energy conversion, resulting in a decrease of output current, a loss in the open circuit
voltage and thus a lowering of the cell‟s efficiency. The effective value of the
CdS-CdTe p-n junction reverse saturation current density J0 increases with forward
bias due to the large trap density in its intrinsic region. This is what we do not want.
According to

J  J 0 (e qV

AkT

 1)  J L

(2.4)

where A represents diode ideality factor which is 1 in the case of ideal silicon p-n
junction. From this we get a transformation of the formula:

Voc 


AkT  J L
ln 
 1
q
 J0


(2.5)

Thus if J0 increases with forward bias, Voc will decrease greatly, which is opposite to
what we would like it to be.

Last, people believe that the CdS-CdTe solar cell fabrication process is to some
degree not so healthy because we need to use CdCl2, which is toxic, to treat both CdS
and CdTe layers to achieve a high open circuit voltage. Cadmium chloride (CdCl2) is
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used in the annealing induced activation of polycrystalline CdTe-CdS solar cells, and
this step is crucial in the device fabrication process. It was established that CdCl2
treatment leads to a grain growth and a passivation of the grain boundaries in the
CdTe active layer[13]. It also promotes the formation, by inter-diffusion, of CdTe1-xSx
at the CdTe-CdS interface and reduces recombination in these devices[14]. In fact, CdS
and CdTe are not toxic only because they are insoluble and any solution which
contains Cd+ may be toxic. So researchers are keeping looking for new procedures or
new materials that could somehow refine or replace the CdS-CdTe solar cell
fabrication process.

Copper indium diselenide (CIS) is another very promising absorber material among
all those thin film absorbers. High performance CdS/CIS based solar cells with an
efficiency of 19.5% have been reported[15] on the laboratory scale and 10.3% over
large surface of 3860 cm2[16]. Molybdenum (Mo) is usually used as the contact
material for CIS because it forms non-rectifying ohmic contact with CIS. So far the
most efficient CIS based solar cells are almost all made by vacuum coevaporation of
the three elements[17]. And they generally apply a structure of glass/Mo/CIS/CdS/ITO
which is called the front wall structure[18]. A reverse structure which is so named back
wall structure of glass/ITO/CdS/CIS/Mo is also adopted by some research groups[19].
With the back wall structure, people have achieved an efficiency of 5.0% by spray
technology[20] and 8.1% by coevaporation[21].
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The chalcopyrite CIS material system has been studied in detail in only the relatively
recent past, having first shown greater than 10% AM1.5 efficiency in 1981[22]. Since
that time, many companies have announced plans to commercialize CIS-based
photovoltaics modules, but all were unsuccessful until Siemens Solar Industries (SSI),
introduced a CIS-based photovoltaic product in 1999[23]. In addition to SSI, other
process labs currently studying CIS for academic purposes or in support of potential
(terrestrial or space) commercialization include the National Renewable Energy Lab
(NREL), Uppsala UniversityLPE, the Institute for Energy Conversion (IEC)
(University of Delaware), Matsushita, Energy Photovoltaics, Inc. (EPV), and Showa
Shell[22].

The realization of a commercial CIS product has been much slower than anticipated
because many of the processes used for fabrication of thin film polycrystalline
materials are quite complex. In particular, analytical instrumentation needed to
monitor the rate of materials deposition is lacking, and it has proved difficult to
maintain the requisite uniformity in deposited species across large areas[22].

Further, there is a lack of scientific understanding about many basic materials
properties of CIS films, especially those which control device performance, which
makes engineering of fabrication equipment particularly difficult. In the past, most
research activities have focused on how to provide the most efficient device fastest
instead of on how best to understand the fundamental materials system[22]. The
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problem has been compounded by the fact that very little research has been done on
chalcopyrite material systems such as CIS outside of the photovoltaics community, in
contrast to silicon and some III-V materials which have been studied extensively for
microelectronics applications, for example[24]. Significant materials and electrical
engineering issues remain unresolved for CIS and its alloys. These include the
unknown nature of “primary materials factors” (such as phases, defects, impurities,
etc) and of the current-collecting barrier (homojunction vs. heterojunction)[25]. An
example of an unknown material property is grain size, a quantity which may have a
significant impact on device performance. The size of features observed in SEM
images of CIS films is often quoted as being indicative of grain size, but there is no
fundamental reason why this should be the case. Diffraction techniques are instead
needed to determine grain size for CIS[23].

Other unresolved issues for CIS include the need for sufficiently detailed, predictive
fabrication process and device performance models, as well as the need for material
improvements in all device layers (absorber, contacts, etc). All of these issues are to
some extent being addressed by various research and manufacturing organizations,
but all remain open questions to date[23].

2.2.3 Organic solar cells
Organic photovoltaic devices are designed to fill the low-cost, low power niche in the
solar cell market[26]. Recently measured efficiencies of solid-state organic cells are
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close to 5%. In this type of solar cells, bound electron-hole pairs, which are named
excitons, are formed in organic semiconductors on photo-absorption. In the organic
solar cell, the exciton must diffuse to the donor-accepter interface for simultaneous
charge generation and separation. This interface is critical as the concentration of
charge carriers is high and recombination here is higher than in the bulk.

An important difference to inorganic solid-state semiconductors lies in the generally
poor (orders of magnitudes lower) charge-carrier mobility in these materials[27], which
has a large effect on the design and efficiency of organic semiconductor devices.
However, organic semiconductors have relatively strong absorption coefficients
(usually >=105 cm-1), which partly balances low mobilities, giving high absorption in
even <100 nm thin devices. Another important difference to crystalline, inorganic
semiconductors is the relatively small diffusion length of primary excitons in these
rather amorphous and disordered organic materials[28]. These excitons are an
important intermediate in the solar energy conversion process, and usually strong
electric fields are required to dissociate them into free charge carriers, which are the
desired final products for photovoltaic conversion. This is a consequence of exciton
binding energies usually exceeding those of inorganic semiconductors[29]. These
features of organic semiconducting materials lead generally to devices with very
small layer thicknesses of the order <=100 nm[30].

Most of the organic semiconductors are hole conductors and have an optical band gap
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around 2 eV, which is considerably higher than that of silicon and thus limits the
absorption of the solar spectrum to a great extent. Nevertheless, the chemical
flexibility for modifications on organic semiconductors via chemical synthesis
methods as well as the perspective of low cost, large-scale production drives the
research in this field in academia and industry[30].

Excitonic solar cells have different limitations on their open-circuit photo-voltages
due to these high interfacial charge carrier concentrations, and their behavior cannot
be interpreted as if they were conventional solar cells. The ultimate aim for organic
solar cells is to become a commercial reality[26].

Among all those organic materials, Phthalocyanines (Pcs) have attracted lots of
attention

as

a

hole

transport

layer[31].

Phthalocyanines

show

promising

photoconductive and photovoltaic responses and hence have been widely used in
Schottky barrier cells[32] as well as multilayer solar cells[33]. Due to a large series
resistance, low fill factor and incomplete coverage of the solar spectrum, the power
conversion efficiency of the Schottky barrier cells for AM1 solar radiation is typically
low[34]. The efficiency is higher for lower incident light powers or monochromatic
excitation. The reported results in the literature for the phthalocyanine Schottky
barrier cells are in poor agreement with one another. The open-circuit voltage ranges
from several mV[35] to more than 1 V[25]. Short-circuit currents in the range from nA[36]
to uA[37] have been reported. The reported power conversion efficiencies for white

28

light are 0.001% for CuPc, 0.00006% for FePc, and 0.00013% for CoPc[38]. For
monochromatic

low-power

excitation,

power

conversion

efficiencies

of

phthalocyanine Schottky cells can be as high as 6%[39] or even 14%[32].

A typical structure of CuPc based organic solar cells is sketched in Figure 2.7[25]. Also
an open circuit voltage of 1.15 V was achieved with this single-junction
CuPc/PTCBI/Al device structure by our group.

Figure 2.7 Configuration of CuPc-based solar cell with Al electrode

Despite of the thin PTCBI layer between CuPc and Al contact, the dominant junction
was modeled as the Schottky diode between the CuPc layer and aluminum because
the thin PTCBI layer was thought to be entirely incorporated into the CuPc, which
described as the modified CuPc layer as is shown in Figure 2.8[25]. Since the build-in
potential Vbi must be larger than the observed open-circuit voltage, it is easy to
conclude that those electrodes with small build-in potential cannot provide high Voc
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even though their current can be much higher than Al electrode. This is quite different
from those homojunction or heterojunction solar cells because the major junction now
is the metal-semiconductor Schottky diode.

Figure 2.8 Energy band diagram of CuPc-based solar cell with Al electrode

Despite of the high open circuit voltage, the current density is so low and the fill
factor is not good, either. These in combination result in a relatively very low
efficiency and the reasons have been discussed before. Nevertheless, organic
materials based solar cells are still attracting many researchers for its low cost process
and undergoing great improvement. They are sharing the market with those inorganic
solar cell producers.

2.2.4 Other types of solar cells
There are some other types of solar cells such as dye-sensitized solar cells and
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multijunction solar cells. The dye-sensitized solar cells are mostly composed of a
nano-porous layer of titanium dioxide particles, covered with a molecular dye that
absorbs sunlight[40]. The titanium dioxide is immersed under an electrolyte solution,
above which is a platinum-based catalyst. In the dye-sensitized solar cell, the bulk of
the semiconductor is used solely for charge transport, and the photoelectrons are
provided from a separate photosensitive dye. Charge separation occurs at the surfaces
between the dye, semiconductor and electrolyte[40]. The highest efficiency achieved so
far by this type of solar cell is about 11%[41]. Although it is not as efficient as many
other types of solar cells, it has an impressive performance in the scenario of low light
intensity and poor cooling system. It also has a great advantage in terms of low cost in
fabrication.

Multijunction solar cells are developed for satellite power applications where the high
cost is offset by the weight savings offered by the higher efficiency[42]. They now
have terrestrial applications in concentrated photovoltaics. The most commonly used
multijunction solar cell structure is an array of three layers connected in series,
namely gallium indium phosphide (GaInP), gallium arsenide (GaAs), and germanium
(Ge). Sunlight with photon energy larger than the bandgap of GaInP will be absorbed
in the first layer (GaInP). Photons with less energy will be absorbed in the second
layer (GaAs), leaving the rest long-wavelength photons been absorbed in the third
layer (Ge), thus making the most use of the incoming sunlight. The highest efficiency
achieved so far for this type of solar cell is about 40.8% by National Renewable

31

Energy Laboratory (NREL) [42]. This type of solar cells has the highest conversion
efficiency, however, the fabrication cost is also the most expensive one.
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3. Advantages of Nano-structured Solar Cells

3.1 Definition of nanotechnology
The term of „nanotechnology‟ was firstly introduced by K. Eric Drexler in his book
“Engines of Creation” in 1986[43]. Nanotechnology is used to refer to any process or
product that involves sub-micron dimensions, but a more concise definition is any
fabrication technology in which objects are built by the specification and placement of
individual atoms or molecules or where at least one dimension is less than 100 nm.
Since early 1990s, research interest in nanotechnology has grown rapidly and many
governments are now funding nanotechnology-related projects. These range from
nano-robots to new high-performance materials and nano-scale electronics.

3.2 Application of nanotechnology in solar cell development
Recently, nano technology has been applied to solar cell development to further
increase the efficiency. Nano technology could be used to tailor the bandgap of any
material that is used for fabrication of solar cells due to quantum confinement effect.
For examples, in CdS-CIS heterojunction solar cells, the CdS layer, which has energy
gap of 2.5 eV in normal condition, can broaden its bandgap to 3.5 eV in nano
structure. Since we want the light to totally pass through CdS layer and be absorbed in
the CIS layer near the junction, we could take advantage of this quantum effect,
making wider bandgap CdS layers to pass the light. To be more detailed, blue light
has the wavelength of 0.45 um which results in a 2.8 eV energy packet for its photons
according to
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That is to say, nano structure of CdS passes the blue light which normal structure of
CdS cannot pass. Therefore, transparency is greatly improved and major absorption
occurs near the junction which means higher efficiency can be achieved. On the other
hand, we could also tailor the absorption layer into proper bandgap for higher build-in
voltage. Bulk CIS has a bandgap of 1.05 eV, which could be increased to the perfect
bandgap of 1.5 eV for solar cell application in nano size. Besides, more materials
could be considered as substitutes for window or absorber layers. At the same time,
we can take advantage of their unique electric or optical characteristics.

Other advantages of utilizing nanotechnology for solar cell development include
increasing the light path inside the absorber layer. If the diffusion length of generated
carriers is larger than the film thickness, most of the minority carriers can be collected.
Thus it is required that the absorber layer is thin enough for photogenerated carriers to
diffuse to depletion region and be swept across before they get recombined. However,
this layer cannot be infinitely thin because that will leave most photons pass through
the absorber layer without being absorbed. So the best way is to somehow tune the
structure and make the light path longer than carrier path. In fact, if the optical length
is larger than the inverse of the absorption coefficient, most light will be absorbed.
Intuitively, smaller size particles lead to more scattering of light and increased surface
area. In such case, light is more likely to scatter and reflect among nano structures
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when passing through the solar cell which will result in improved absorption
coefficient.

Researchers have shown that more than 96% of incoming sunlight can be absorbed
within less than 5% device area of silicon nanowires of the same thickness[44]. In this
manner, the material cost can be dramatically reduced at the cost of a more
complicated

device

structure.

It

has

also

been

demonstrated

that

nanowires/nanopillars based device can largely reduce the surface reflection of
incoming light[45], thus saving the cost for an anti-reflective layer.

Anodic aluminum oxide (AAO) is now widely used in many research fields[46] as well
as industry applications[47] due to its highly ordered cylindrical pores. What‟s more
attracting is that the pore diameter and length can be tuned easily for different
requirements by simply changing the acid concentration, applied voltage and
anodization time[48]. The mechanism behind has been well studied for half a century[49]
and remarkable success has been achieved in both fabricating[50] and understanding[51]
the structure.

Synthesis of nanowires inside the AAO templates is of great interest and has been
attracting more and more attention recently[52]. Grain size of above 1 um is generally
attained by normal thin film preparation methods, such as electrodeposition,
evaporation and spray-coating[53]. However, with the help of AAO templates, the
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grain size of nanowires can be limited to several tens of nanometers or even less by
properly controlling the pore size[54]. Many kinds of nanowires have been successfully
fabricated inside the AAO pores, including metals[55] and semiconductors[56]. And our
nano-structured solar cells design and simulation will be based on the AAO templates
and nanowires inside.

3.3 Simulation of efficiency enhancement in nano CdS-CdTe solar cells
For a quantified estimation of how much more efficiency can be achieved by utilizing
semiconductor nanowires, here we perform a simulation on nano-CdS / bulk CdTe
heterojunction solar cells as an example. As mentioned before, the nanowire (NW)
CdS layer has higher transmittivity than the traditional planar CdS window layer. It
has been observed by us and by several other research groups[57-58] that the absorption
peak of CdS nanowires is shifted towards the blue region, compared with bulk CdS.
For our CdS nanowires, the optical absorption edge lies at a wavelength of 480 nm[58]
instead of the 512 nm for the traditional thin film CdS case. This enhances the number
of sunlight photons incident on the CdTe absorption layer, and increases the
light-generated current and the overall efficiency of solar cell.

In order to calculate the improvement in the efficiency, the light generated current
density for the junction was calculated. The following equations were used to obtain
the current density for the neutral region within the n-CdS material ( ), the current
density for the depletion region (

), and the current density for the neutral region
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within the p-CdTe material ( ).

The generation rate of electron-hole pairs at a distance x from the solar cell surface (in
this case, the interface between i-SnO2 and CdS) for a specific incident wavelength λ
is given by
(3.2)

where α(λ) is the absorption coefficient, ϕ(λ) is the number of incident photons per
unit area per time per wavelength, and R(λ) is the fraction of reflected photons.

Under low-level injection, the one-dimensional, steady-state continuity equation for
holes in the CdS layer is given by

(3.3)

where

(3.4)

Assuming the electric field in the n-type region can be neglected, we have

(3.5)

Solve this equation and apply the boundary conditions
37

at

x=0

(3.6)

where Sp is the surface recombination velocity, and at the depletion edge, the excess
carrier density is small due to the electric field in the depletion region, thus
at

x = xj

(3.7)

Therefore, the resulting photocurrent density of holes at the depletion region edge is
given by

(3.8)
Similarly, the photocurrent density of electrons is

(3.9)
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And the photocurrent density in the depletion region is simply

(3.10)
Here

is the elementary charge,

is the photon flux density at the surface of

CdS (This value was extracted from the solar spectrum provided by NREL),
the photon flux density at the junction edge in CdTe layer,
fraction of the incident photons at the surface of CdS,

is

is the reflected

is the reflected fraction

of the incident photons at the junction (for our simulation, the reflection is neglected,
i.e. reflection fraction R = 0),
the absorption coefficient for CdTe,

is the absorption coefficient for CdS,

is

is the diffusion length for holes in n-CdS,

is the diffusion length for electrons in p-CdTe,

is the surface recombination

velocity of holes in the n-CdS/metal junction,

is the surface recombination

velocity of electrons in the p-CdTe/metal junction,

is the diffusion coefficient of

holes in n-CdS,

is the diffusion coefficient of electrons in p-CdTe,

is the

distance from the surface of CdS to the beginning of the depletion region,

is the

thickness of the CdS,

is the distance from the surface of CdS to the end of the

depletion region (junction edge in CdTe, the depletion region width was assumed to
be 2 um), and

is the thickness of CdS plus the thickness of CdTe.

The efficiency is normally calculated with the equation:

(3.11)
Where
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(3.12)

In a practical CdS-CdTe solar cell, the photocurrent generated in the CdS layer can
hardly be collected due to its high surface recombination rate, thus has little
contribution to the light current. This is in agreement with our simulated result, where
the photocurrent generated in the CdS layer Jp = 1.4 x 10-4 mA/cm2, which is far
smaller than the current generated in the depletion region J dr (usually greater than 20
mA/cm2 ).

Also the photocurrent generated in the neutral CdTe layer is small because the
depletion region in CdTe layer is usually long enough to absorb most incoming
sunlight, leaving a very small fraction of photons being able to reach the neutral
region in CdTe layer. In our simulation results, this is also shown by giving the value
of Jn = 0.14 mA/cm2. Thus, the major contribution of the light current comes from the
photocurrent generated in the depletion region Jdr.

A simulation of photocurrent generated in the depletion region is shown in Figure 3.1.
The x-axis is the photon energy indicated in wavelength (nm), and the y-axis is the
corresponding current density that generated by photons at different wavelength
(proportional to the number of incident photons). Here we can see that the light
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generated current density is larger at λ < 500 nm due to the absorption edge shift in
CdS nanowires, especially in the range of 480 ~ 500 nm.
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Figure 3.1 Simulation of photocurrent enhancement due to absorption edge shift in CdS NW

Furthermore, because aluminum oxide is an insulator with much higher optical
transmittivity and CdS nanowires only occupy a portion (depending on the porosity of
AAO template, in our simulation, we assume 50%) of the window layer, the overall
transparency is further increased and more photons can be absorbed in the CdTe layer.
A simulation of photocurrent generated in the CdTe layer depletion region through
aluminum oxide (at the absence of CdS layer) is shown in Figure 3.2.
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Figure 3.2 Simulation of photocurrent generated in CdTe in the absence of CdS layer

Calculation results reveal that for a CdS layer thickness of 100 nm (both for planar
and nano structure), the light generated current gain is about 12%, from 23.7 mA/cm2
to 26.6 mA/cm2. This gain will further increase as the thickness of CdS layer
increases (more advantageous for thicker CdS layer). For example, in our fabricated
device which will be described in a later section, a thickness of 200 nm was used for
the nano CdS layer. Simulation showed that for 200 nm CdS layer, the photocurrent
gain is 17%, from 22.4 mA/cm2 to 26.1 mA/cm2.
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In another word, the number of useful photons reaching the depletion region in CdTe
absorption layer will be 17% higher for the AAO embedded NW-CdS window layer
(with an absorption edge at a wavelength of 480 nm and thickness of 200 nm) than for
the traditional CdS window layer (with an absorption edge at a wavelength of 512 nm
and thickness of 200 nm). Thus a 17% improvement in short-circuit current density
(Jsc) can be expected.

Besides that, in our device configuration, the CdS-CdTe interface has less junction
area than in case of traditional thin film solar cells because CdS only forms junction
with CdTe at the top end of each CdS nanowire. The effect of this junction area
reduction on reverse saturation current is considered this way: If the reverse saturation
current is dominated by minority carriers drifting (pure crystal assumption), then
according to

(3.13)
And for an n+-p junction as in our CdS-CdTe heterojunction case, this current is
dominated by the electrons drifted from the depletion region edge in the p-CdTe layer,
which has essentially no difference from a bulk CdS-CdTe structure because there is
no area change in the CdTe layer. On the other hand, if the reverse saturation current
is dominated by interface recombination process, in which case the number of

43

interface states are directly proportional to the interface area, then the reduction of
junction area is expected to result in smaller effective reverse saturation current (I0)
and hence a higher open circuit voltage (Voc) than in the traditional thin film CdS case,
as quantified by the equation below[59],
(3.14)

Note that even though the junction area is reduced substantially, the effective area for
light absorption remains the same, because those photons which pass through the
aluminum oxide instead of CdS will still get absorbed in the CdTe layer. Actual
improvement in the open circuit voltage will depend upon the ratio of the optical area
and the junction area and the dark current flow mechanisms prevailing at the
CdS-CdTe interface, characterized by the effective value of the diode ideality factor,
A, in above equation. As an example, for the case where the planar optical area is two
times the planar junction area (50% porosity) and A = 4, a traditional solar cell with a
Voc of 850 mV will reach a Voc of 922 mV with our NW-CdS design, an improvement
of 8.4% .

Since the power conversion efficiency of the solar cell is proportional to the product
of Jsc and Voc, a 17% improvement in Jsc and 8.4% improvement in Voc translate into a
26.8% improvement in power conversion efficiency. On the negative side, a slight
increase in the effective series resistance (RSE), and a corresponding decrease in the
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fill factor (FF), can be expected because photo-generated electrons at the AAO/CdTe
interface need to travel an extra distance to get to the junction. For a circular CdS
nanowire of area A1 to collect the current from the bulk CdTe layer of area 4A1, the
effective bulk resistance of CdTe (RCdTe) will be twice the effective bulk resistance of
CdTe for the case of the traditional planar thin film CdS/CdTe solar cell. However,
the effect on RSE will be relatively small because RSE includes contributions from
other resistances like the contact resistance between CdTe and the top electrode,
which tend to be much larger and dominant.
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4. Barrier-free AAO Templates on ITO Substrates

4.1 The widely use of AAO in template-assisted device fabrication
Template assisted fabrication of nanowires and nanorods has been widely used in
recent times. In particular, the anodic aluminum oxide (AAO) template, also known
as porous anodic alumina (PAA) template, is popular because of its highly ordered
structure[60-66]. The AAO fabrication process and mechanisms of pore formation have
also been studied[67-68]. Different types of nanowires have been produced and reported,
including metals[69], semiconductors[70] and insulators[71]. Various deposition
techniques have been used to acquire those nanowires, including electrodeposition
(ED)[72], chemical bath deposition (CBD)[73], and atomic layer deposition (ALD)[74].

There are two major types of AAO templates. In the first type, a pure aluminum foil,
generally with the thickness of several tens of microns to several hundreds of microns,
is the starting material. This kind of template is generally fabricated by two-step
anodization, which forms a highly ordered porous structure with high aspect ratio.
The aluminum foil is usually anodized all the way through, or the remaining part of
aluminum is etched off in CuCl2 solution, leaving an oxide barrier layer at the very
bottom of the pores, which is then etched off in phosphoric acid[75]. The free-standing
open-pore structure may be directly used for deposition[76] or a metal layer may be
deposited on one side of the pore structure[77], to serve as a substrate and an electrode.
Due to the handling problems associated with the free-standing template, this type of
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AAO generally has a thickness of more than 10 microns. As a result, nanowires
fabricated in this fashion usually have a length of several tens of microns and a very
high aspect ratio[78].

The other type of AAO templates is grown on a certain substrate, such as silicon[79] or
indium tin oxide (ITO)[80]. The aluminum film is generally evaporated or sputtered on
top of the substrate, sometimes along with an interlayer such as titanium[81]. In
comparison with the AAO fabricated from a pure aluminum sheet, this kind of
template is relatively short, its thickness ranging from a few hundreds of nanometers
to a few microns. The substrate usually functions as an electrode as well as a
mechanical support. On the other hand, the presence of this backside substrate makes
the removal of the residual aluminum oxide barrier layer an even harder challenge.

Most frequently, a simple phosphoric acid etch is used to remove the barrier layer[82].
Unfortunately, this method is effective only when an “inverted shape” barrier layer is
formed at the last stage of anodization, because, with that shape, the barrier layer
self-thins dramatically[83]. Also, it was reported[84] recently that this self-thinning
process could be implemented when an ultra-thin titanium interlayer of less than 0.5
nm was inserted between the ITO and the aluminum layers, prior to anodization.
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However, it is difficult to deposit in a reproducible fashion, continuous films of
titanium as thin as 0.5 nm, and in the template assisted fabrication technology for
nanowires and nanorods, the aluminum oxide barrier layer, in general and
non-uniformity in barrier layer thickness, in particular, continue to be problems that
directly affect the growth rate, quality and uniformity of nanowires deposited
subsequently in the pores. These problems includes: 1) template cracking at the
electrolyte/air interface during anodization, 2) low transparency of AAO template on
ITO substrate, 3) low filling ratio of nanorods/nanowires, and 4) large variance in the
length of nanorods/nanowires. These issues are addressed here and the results are
applied successfully to the case of CdS nanowires deposited inside the pores.

4.2 Description of experimental details
A commercially available ITO layer with an average thickness of 150 nm deposited
on 1 mm thick glass was used as the substrate. The glass/ITO substrates were cut into
1 inch by 1 inch pieces and cleaned in ultrasonic acetone and methanol and rinsed in
de-ionized (DI) water. They were then subjected to a plasma etch for 4 minutes for
further surface cleaning. Next, in a set of experiments, titanium layers with
thicknesses ranging from 0.5 nm to 50 nm were sputtered on ITO for comparison.
Annealing in air was performed for some of these samples at 400°C for up to 5 hours,
while other samples were not annealed. Then an aluminum layer was evaporated on
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top of titanium or titanium dioxide by e-beam evaporation; thickness of aluminum
layer was varied in the range of 200 nm to 1000 nm.

These glass/ITO/Ti(TiO2)/Al samples were anodized in 0.3 M oxalic acid under
constant voltage condition until a current increase was observed. The anodization
currents for different types of samples were recorded for reference. The as-anodized
samples were immersed in 5% phosphoric acid for 1 hour in room temperature to
widen pores and partially remove the barrier layer. Then some templates were
subjected to a reactive ion etch (RIE) process for 5~20 minutes (depending on the
template thickness) to remove the barrier layer completely. Although BCl3 has been
used in the past, to etch off aluminum oxide in the RIE process, its etch rate is too
high (about 770 nm/min as was reported[85]) to be precisely controlled.

Also the TiO2 layer beneath the barrier oxide is undesirable, once the Al film has been
properly anodized. It is inserted only for adhesion and passivation, and needs to be
removed before nanowire deposition for a better device configuration. Therefore, in
our case, pure argon gas was used for the non-selective etch process to limit the etch
rate at about 5 nm per minute. The following parameters were used for the
non-selective Ar ion etch process: gas: Ar; flow rate: 20 sccm; base pressure: 5 x 10-5
Torr; working pressure: 20 mTorr; RF power: 90 W and ICP power: 250 W.
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The bombarded Al2O3 particles had nowhere to go, and accumulated at the wall and
bottom of pores; these particles were later dissolved in phosphoric acid by a post-RIE
wet etch for a few minutes. In the case of thicker templates, this RIE and wet etch
cycles were performed for several times at 10 minutes RIE and 5 minutes wet etch
intervals for each cycle, to prevent bombarded particles from blocking further etching.

CdS nanowires were electrodeposited, for comparative evaluation, into all types of
templates made by anodization as described above, for comparison. The electrolyte
was composed of 0.055 M CdCl2 and 0.19 M elemental sulfur, dissolved in 100 mL
dimethyl sulfoxide (DMSO) and heated up to 120°C as reported in reference[86]. It is
believed that dc deposition can most effectively reveal the status presence or absence
of barrier layer. In other words, only those pores without any barrier layer can be
filled efficiently with nanowires under dc condition, and the uniformity of nanowires
indicates the uniformity of barrier layer removal.

For electrodeposition, a constant current density of 15 mA/cm2 was applied for
several seconds. The estimated growth rate was 30 nm per second. The same
condition was used for all electrodeposition process for a controlled comparison. To
reveal the overall filling status of the CdS nanowires, the AAO templates were
dissolved in 0.1 M NaOH solution for 10 minutes before imaging by scanning
electron microscope (SEM). Last, a gold layer of 80 nm thickness was evaporated on
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top of the nanowires by E-beam evaporation, yielding Au/CdS nanowire Schotky
diodes.

4.3 Barrier layer study of AAO templates on ITO substrates

4.3.1 The mechanism of non-uniform barrier layer formation
A typical SEM image of AAO template (with 5 nm Ti interlayer) on ITO substrate
after phosphoric acid etching is shown in Figure 4.1[87].

Figure 4.1: A typical SEM image of AAO template on ITO substrate showing non-uniform
barrier layer thickness.
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It is observed that some pores have no barrier layer while others have barrier layers
ranging in thickness from less than 10 nm to about 25 nm. A normal distribution with
an average thickness of around 15 nm was extracted for the observed barrier layer. It
is interesting to note that even neighboring pores can have barrier layers with
thicknesses differing by as much as 25 nm.

This indicates that the process

non-uniformities exist within a sample, in addition to variations that may be found
between one sample and another. These non-uniformities can be caused by a series of
factors, including,

(i) The non-uniform deposition of sputtered titanium interlayer. Sputtered films can
have surface roughness of as large as 1.5 nm[88]. This is not negligible considering that
we are depositing only a few nanometers of Ti layer. In fact, in our experimental
series, those samples with Ti thickness of less than 3 nm were not stable during
anodization. Some of them could be properly anodized, while others would crack at
the electrolyte-air interface, leaving a large area un-anodized (current already reached
zero). Although it was reported[84] earlier that an AAO template with very thin barrier
layer can be fabricated on ultra thin Ti layer (0.5 nm), in our work, substantially
thicker titanium inter-layers seemed to be necessary. This could be related to fact that
in our experiments, much thicker aluminum films (up to 1000 nm) were anodized
while in Ref. 84, the aluminum film thickness was less than 200 nm. In any case, it
would be preferable to have a proper interlayer thickness that is suitable for a large
range of template thicknesses as will be discussed in the section below.
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(ii) Non-uniformity in the process for the deposition of the aluminum film.
Evaporated Al films can have a reported surface roughness of around 10 nm[88].
Defects and impurities resulting from the evaporation process also play an important
role. Lower base pressure and deposition rate during evaporation process can be
expected to produce purer aluminum films, but complete elimination of defects and
impurities still remains a hard challenge.

(iii) Non-uniform electric field present in these samples during anodization. The
electric field has the highest value at the interface between the electrolyte and air.
This can be demonstrated by the following two facts. First, it was observed that, at the
end stage of anodization, the region near the interface of electrolyte and air became
transparent first, and then transparency propagated downwards, until the whole
sample became transparent. The entire process took several minutes and was
proportional to the Al film thickness, indicating that the fastest reaction (or the highest
field) occurred at the interface. Second, for those samples with a Ti thickness of less
than 3 nm, the crack always happened in the region next to the interface, as was
mentioned above. Nevertheless, nothing can be practically done to improve the
electric field. What we can do is to properly tune the Ti layer thickness to withstand
this field variation. In our fabrication procedure, a 5 nm thick Ti layer was adopted as
a standard for template fabrication, to provide enough process non-uniformity
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tolerance. With this thickness, all samples (aluminum thickness from 200 nm to 1000
nm) could be properly anodized.

4.3.2 Study of anodization process

A sketch of typical current versus time plot as well as a real I-t curve monitoring the
anodization process of a Al(200nm)/Ti(5nm)/ITO/Glass sample is shown in Figure
4.2[87]. This sample was taken out of the electrolyte after 420 seconds of anodization,
where a slight current rise was detected.

(a)
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(b)

Figure 4.2: (a) A sketch of typical current versus time plot with five stages marked (b)
Example of an actual I-t curve used for monitoring the anodization process of a
Al(200nm)/Ti(5nm)/ITO/Glass sample.

Note that Fig. 4.2 was obtained for the case of a constant voltage anodization at 50V,
5°C with sample size of ~5 cm2. Five stages can be distinguished from the plot:

(1) At the first stage, initially the current was very high due to the high conductivity
of metal Al and the lack of any oxide layer. As the anodization started, aluminum
oxide layer formed on the top surface of the evaporated Al film, greatly increasing the
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resistance, and the anodization current dropped dramatically. This can be called the
oxidation stage, and generally lasts for 20~30 seconds.

(2) During the second stage, the pre-formed oxide layer started to dissolve from some
random sites on the oxide surface and nano pores were initiated. This had an overall
effect of thinning the oxide layer, thus the resistance decreased and current increased
a bit. This can be called the dissolution stage, and lasts for a few minutes.

(3) In the third stage, the oxide formation process and dissolution process gradually
balanced each other and an equilibrium state was achieved. Also the pores started to
form an ordered structure by self-adjusting pore sizes and inter-pore spaces[89]. The
anodization current was constant during this stage. Note that the time period of this
stage could range from a few seconds to several tens of minutes or even longer,
depending upon the thickness of the aluminum layer. This can be called the steady
stage. The three stages mentioned above commonly exist in all kinds of aluminum
anodization, but the following stage (stage 4) can be observed only when the whole
Al layer is consumed (either in anodization of Al deposited on top of a rigid substrate
or in a complete anodization of an aluminum foil), and stage 5 is unique for aluminum
films deposited on top of a conducting or semiconducting rigid substrate[84].
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(4) At the beginning of the fourth stage, the anodization front, which is the Al2O3/Al
interface, reached the surface of the Ti under-layer. The remaining aluminum metal
was gradually consumed and the corresponding anodization current decreased and
finally approached a very small value close to zero. During this process, the film
gradually changed its color and finally became transparent if the titanium layer is thin
enough. Depending on the thickness of the Ti layer, the tail of this stage might be
extended from a few minutes to several hours. This can be called the consumption
stage. More details concerning what was actually happening during this stage will be
revealed later associated with stage five.

(5) In the fifth stage, the anodization current started to rise. Template destruction was
observed with the increasing of the current, so the anodization process was generally
stopped at the beginning of this stage. This can be called the destruction stage or
ending stage. An inverted barrier layer was commonly observed for samples stopped
at this stage. Hong-seok Seo et al believed that this formation of void beneath the
barrier layer was to accommodate the stresses created by volume expansion[90].
However, in our opinion, this is more likely to be due to the tiny oxygen bubbles
formed at the Al2O3/Ti interface. Our reasons are described below.

Volume expansion accompanies film anodization, and should be finished wherever
the Al is completely consumed, which is at the consumption stage (stage 4). However,
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the formation of void was found at the destruction stage (stage 5). To distinguish
between stage 4 and stage 5, the tail of stage 4 was intentionally prolonged by using a
thick Ti layer of 30 nm. After 1 hour anodization (only 200 nm of Al), the current was
still around zero, indicating that it was still in stage 4.

For comparison, it should be

mentioned that for a typical sample with 5 nm Ti and 200 nm Al (Al thickness is
maintained the same), it took only 6~7 minutes before the current started to rise (stage
5). The cross-sectional view of the one-hour anodized sample that was terminated at
stage 4, is shown in Figure 4.3[87].

Figure 4.3: Cross-section view of a 30 nm Ti, 200 nm Al sample after one-hour anodization.
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It can be seen that no void structure is formed beneath the barrier layer and the shape
of the barrier is flat instead of inverted. In contrast, Fig. 4.1 was the cross-section
view of a typical 5 nm Ti, 200 nm Al sample taken out at the ending stage (stage 5),
from which voids can be easily detected at the bottom of almost every pore. Note that
in Fig. 4.1 the inverted barrier structure was not seen because it had already been
immersed in phosphoric acid for 1 hour for pore widening and the inverted shape had
been etched off. From the comparison between Fig. 4.1 and Fig. 4.3, the void
formation associated with current increase in stage 5 is more likely to be due to other
mechanisms, different from the volume expansion which finished at stage 4.

4.3.3 The effect of titanium layer in anodization
To better understand the non-uniformity in anodization process, we need to further
study as to what is actually happening during the anodization stage 4 and stage 5.
We will start from the anode reaction described in Ref. 89:
Al2O3 + n H2O → 2Al3+ + 3O2- + n OH- + n H+

(4.1)

This is the electric-field enhanced aluminum oxide dissolution reaction. Under
electric field, the Al3+ and H+ ions are ejected from the oxide surface immediately,
while the O2- and OH- anions migrate through the oxide layer and reach the Al2O3/Al
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interface, where the aluminum metal is oxidized. In the case where no Ti interlayer
was inserted, after the aluminum layer had been consumed (stage 4), the O2- and/or
OH- anions touched the ITO electrode (positive polarity) and lost electrons, producing
tiny oxygen bubbles at the Al2O3/ITO interface. This process would create voids
between Al2O3 and ITO, and would thin the barrier layer; this would further increase
the electric field, pushing more anions into the interface. Such a positive feedback
process would produce a huge amount of oxygen at the interface and destroy the
template in a short time. This is the reason for the large current spike at the ending
stage, observed by our group as well as many other groups[69,84,88].

In the case where a Ti interlayer was used, things were different. When the
anodization process reached the Al/Ti interface, no more aluminum could be oxidized.
At that moment, however, the oxide barrier thickness had not been changed, thus the
electric field remained, pushing O2- and/or OH- anions to the interface, where titanium
reacted with these anions and formed titanium dioxide:
Ti + 2O2- → TiO2 + 4e-

(4.2)

Ti + 4 OH- → TiO2 + 2 H2O + 4 e-

(4.3)

From the view of process non-uniformity, we can say that this Ti interlayer was
capable of tolerating the oxygen evolution reactions (OER) to some extent. This is

60

critical to the proper anodization of the whole film. For those samples without the Ti
layer or with a too thin Ti layer, the OER is too fast to be controlled, quickly cracking
the template at the electrolyte-air interface, and leaving a large area un-anodized as
mentioned above. The tolerance of this Ti layer increased with the increase of Ti
thickness. In a further test, a sample with 30 nm Ti was anodized for as long as 5
hours and remained in stage 4.

However, a thick Ti layer is not preferred as it actually hinders the occurrence of stage
5 and prolongs the anodization process too much as described before. Typically, a 5
nm Ti layer is good enough to extend the tail of stage 4 to tolerate the anodization
non-uniformities associated with Al films, as thick as 1000 nm. After a few minutes,
the thin Ti layer was completely oxidized (locally saturated) and could not tolerate
any more O2- and/or OH- anions. At that time, if the electric field is still strong enough
(depending on the thickness of these two oxide layers) to drive anions in, the anions
will lose electrons and form oxygen as they are supposed to according to the analysis
before. Voids thus formed would serve as a sign of the start of stage 5.

To further confirm the O2- and/or OH- anions saturation mechanism in Ti layer, some
samples with 30 nm Ti were annealed in air at 400°C for 1 hour to convert Ti into
TiO2 before Al deposition. In contrast with the samples without air annealing, which
remained at stage 4 after 1 hour anodization (as was shown in Figure 4.3), these air
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annealed samples stepped into stage 5 (signature current increase and template
destruction detected) after about 5 minutes anodization. To further extend this study,
some samples with the same Ti thickness were air annealed for 5 hours to completely
convert them into TiO2. These TiO2 saturated samples showed no OER tolerance. It
was, as if there were no interlayer at all. These facts confirmed that the local oxygen
saturation in Ti layer and oxygen evolution reactions were the real mechanisms
behind the formation of inverted barrier layer.

4.3.4 The effect of non-uniform barrier layer in nanowire electrodeposition

With the knowledge of what was actually happening during various anodization
stages, we looked more closely at the effects that could be expected to follow from the
non-uniform anodization and the remedies for these effects. Theoretically, due to the
non-uniform process, when the deepest pore (pioneer) reached stage 5, others might
still be in stage 4, 3, 2 or even 1. However, as was mentioned above, the process
non-uniformity generally did not exceed 2~3 minutes difference practically. Within a
reasonable range of Al layer thicknesses, the duration of the steady stage (stage 3), on
its own, would be longer than the anodization time associated with process
non-uniformity.

In other words, when the pioneer pore reaches stage 5, other pores would have
reached at least stage 4 or 3. And this situation can be further improved by applying a
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Ti layer of proper thickness, which prolongs stage 4, as was discussed above. Now
only stage 4 and 5 may co-exist in the system. However, stage 5 cannot be prolonged
like stage 3 and 4, due to the positive feedback, self-speeding process of OER,
damaging the template quickly. The sample has to be taken out at the very beginning
of stage 5 to prevent from destruction.

The subsequent phosphoric acid etching process can completely dissolve the barrier
layer and open those pores already at stage 5 because their barrier layers would be
thin (thinner than the walls), but can only thin the barrier layer (not remove it
completely) in those pores that remained at the end of stage 4, as was shown in Fig.
4.1. A prolonged etch time will dissolve the entire template before removing the
barrier layer. Direct electrodeposition into these non-uniformly opened templates
resulted in non-uniform nanowires and low filling ratio as can be seen in Figure 4.4[87].
Some nanowires were washed away during NaOH etching due to the non-compact
growth as compared with the uniform growth (shown later).
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Figure 4.4: CdS electrodeposited into non-uniformly opened templates, resulting in
non-uniform nanowires and low filling ratio (top view).

4.3.5 Barrier-free AAO template and uniform nanowire electrodeposition
Next, we used the reactive ion etch (RIE) for removing the rest of the barrier layer in
the pores. The advantage of RIE over phosphoric acid is that RIE can create an
anisotropic etching profile, etching the barrier at pore bottom much faster than the
wall. Also, to penetrate the TiO2 layer formed during anodization and expose the ITO
contact, pure argon gas was used for non-selective etch. An etch rate of about 5 nm
per minute was achieved by properly adjusting the working pressure, RF power and
ICP power. The bombarded Al2O3 particles were washed out by dilute phosphoric
acid cleaning for a few minutes. A SEM image of the barrier-free template is shown
in Figure 4.5[87].
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Figure 4.5: Cross-section image of a barrier-free template with thickness of 200 nm.

Note that few small notches are seen at the bottom of some pores. This is not
surprising because for those pores which were already open after phosphoric acid etch,
there was no oxide barrier layer for the reactive ions to etch off. Therefore, the ions
simply bombarded the ITO under-layer and partially etched it off.

In a practical anodization set up, some process non-uniformities can be expected.
Therefore, it is desirable to design the device in a manner that the process
non-uniformities can be tolerated by some certain layers, such as Al layer to tolerate
non-uniformities at stage 1~3, Ti layer to tolerate non-uniformities at stage 3~4. Here,
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the ITO layer is thick enough to tolerate thess non-uniformities in stage 5. It can be
seen from Figure 4.6[87] that those small notches do not hinder the future
electrodeposition of CdS nanowires. In fact, nanowires were grown right from the
ITO substrate all the way to the top surface of the template.

Figure 4.6: Cross-section image of CdS nanowires grown through the barrier-free AAO
template.

Thus, a barrier-free AAO template on ITO substrate was successfully fabricated. Note
that sometimes thicker templates are required for certain device configurations. This
technology can also be applied for those requirements as is shown in Figure 4.7[87].
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There, a barrier-free AAO template with the thickness of 1 micron was fabricated on
ITO substrate.

Figure 4.7: Cross-section image of a barrier-free template with AAO thickness of 1 micron
fabricated on glass/ITO substrate.

Uniform deposition of CdS nanowires is seen in Figure 4.8[87], indicating the complete
removal of barrier layer. Also note that all the nanowires remained in good adhesion
with the substrate; this is in contrast with non-uniform growth shown in Figure 4.4.

67

Figure 4.8: Uniform deposition of CdS nanowires into a barrier-free template. The template
was dissolved in NaOH for SEM imaging (top view).

In addition to the CdS nanowire example given here, this technique for barrier layer
free AAO template fabrication has applications in a wide variety of templated
nanostructured devices. The transmittance of such a template on ITO was measured to
demonstrate the capability of its application in electric-optical devices. As shown in
Figure 4.9[87], the transmittance of the AAO template on ITO is pretty close to the
ITO substrate itself.
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Figure 4.9: Transmittance of AAO template on ITO versus pure ITO substrate

Also, for a comparative evaluation of the electrical characteristics of the CdS
nanowires grown in the two different types of templates mentioned above, CdS/Au
Schottky diodes were formed by depositing gold on top of the nanowires; I-V
chracteristics of these diodes are shown in Figure 4.10[87]. Thicknesses of templates
and CdS nanowires were kept the same in the two cases. Compared to the high series
resistance of 11 Ω·cm2 for the case of CdS deposited into templates with non-uniform
barrier layer thickness, the resistance of CdS nanowires deposited into the barrier-free
templates is much smaller (only 1.4 Ω·cm2) and comparable to the sheet resistance of
ITO only.
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Figure 4.10: J-V curve of CdS/gold Schottky diode on CdS nanowires embedded in (a)
non-uniform and (b) uniform AAO templates

Here, in general, the estimated series resistance from the high-voltage part of the J-V
curve includes the resistance of CdS nanowires, the resistance of ITO under-layer and
the contact resistance. In the case of CdS deposited into templates with non-uniform
barrier layer thickness, the relatively high series resistance may result from the low
filling ratio as well as the incompletely removed barrier layer. Threshold voltages
were determined to be 1.6 V and 1.2 V, respectively.

4.4. Comments

Non-uniformities were shown to exist in the fabrication process for porous alumina
templates on ITO substrates. It was observed that even the pores closest to each other
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could have their barrier layer thicknesses differ by as much as 25 nm. The potential
origins for this non-uniformity were traced to non-uniformities in Ti deposition, Al
deposition and the electric field in the device. The whole anodization process was
divided into five stages and reactions for each stage were provided.

A Ti interlayer with proper thickness can be used to mitigate the effects of
non-uniform anodization of stage 4 and before. On the other hand, too thick Ti layer
is not desirable as it actually hinders the occurrence of stage 5 and prolongs the
anodization process. Mechanism for voids formation beneath barrier layer is likely to
be the local oxygen saturation in Ti layer and oxygen evolution reactions when the O2and/or OH- anions are driven by electric field and come in contact with the electrode.
These hypotheses were confirmed by comparison of results from templates with
different Ti layer thicknesses and different annealing conditions.

Reactive ion etch (RIE) was used to mitigate against process non-uniformities after
stage 5 as well as to penetrate the remaining, unnecessary TiO2 layer. The ITO layer
was shown to be thick enough to tolerate the non-uniformity during RIE process, by
observing that CdS nanowires were grown right from the small notches created by
RIE. Barrier-free AAO templates with thicknesses ranging from 200 nm to 1000 nm
on ITO substrate were successfully fabricated and demonstrated by uniform filling of
CdS nanowires, in the AAO pores. The resistance of CdS nanowires deposited into
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the barrier-free templates is very small (only 1.4 Ω·cm2) and comparable to the sheet
resistance of ITO only.
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5. Nanostructured CdS – CdTe Solar Cells

5.1 New design of CdS – CdTe solar cell by nano engineering

Photovoltaic devices have been developed over the last few decades and several
absorber materials have been found to efficiently convert sunlight into electricity as
mentioned before. However, in the past ten years, improvement in the power
conversion efficiency for silicon based solar cells as well as for cadmium telluride
(CdTe) and copper indium gallium selenide (CIGS) based thin film solar cells has
been relatively small[91]. This is because the fabrication process optimization is slowly
approaching its limit.

To further increase the solar to electric conversion efficiency, many researchers are
now exploring novel device designs involving nanostructured materials[92-93].
Several potential advantages of nano-structured cell design over the traditional thin
film configurations[94-95] have already been demonstrated. Nanotechnology is believed
to be the most promising path to the next generation solar cells of high efficiency and
low cost. Although efficiency values achieved to date by nanostructured designs are
smaller than the values for the traditional solar cell designs, they are expected to
surpass the latter by wide margins as the new technology becomes more mature, and
the understanding of size effects becomes deeper.
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Current state of art in nanostructured CdS-CdTe solar cells is reflected in the work of
Javey group who have shown that arrays of CdS nanopillars have much less light
reflectance than a planar film[96]. Also, they have designed a 3D complex of CdS and
CdTe, made solar cells with CdS nanopillar arrays and CdTe interpenetrating each
other, and demonstrated a cell power conversion efficiency value of 6%[97]. In terms
of the efficiency of power conversion, this cell had been the best so far among all
solar cells based on nanopillars, nanowires, nanodots, and nanorods. Here, we used
improvements in nanomaterials and in device configurations to achieve yet higher
power conversion efficiency in NW-CdS/CdTe solar cell devices. These studies are
described in the following sections.

In this chapter, we describe two novel device configurations for nano-structured
CdS/CdTe solar cells. These are illustrated in Figure 5.1 and are distinguished by the
red and blue arrows[98].
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Figure 5.1: Flow chart of the newly designed fabrication process of CdS nanowires based
CdTe-CdS solar cells. Red arrow – Design A: CdS nanowires remained embedded in
nanoporous alumina (AAO) templates; Blue arrow – Design B: CdS nanowires were
free-standing.

In both cases, a nanoporous film of AAO is formed on top of the transparent electrode
and is used as a template for growing CdS nanowires in the pores. After the formation
of CdS nanowires, in the case of Design-A (red arrows), alumina film embedding the
CdS nanowires was left in place. In the case of Design-B (blue arrows), the anodic
aluminum oxide (AAO) template was removed, leaving behind freestanding CdS
nanowires.
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Note that in some cases, a thin top layer of CdS can exist after electrodeposition of
CdS nanowires (NW) into the AAO template. Such a top layer would hinder the later
etching of AAO templates. Thus in Design B, thicker templates (~100nm thicker than
desired CdS nanowire length) were used but only the bottom 200nm of the pores were
filled with CdS to ensure the absence of the top CdS layer.

The advantages of applying a nano-structured window layer have been discussed
before in Chapter 3. Besides, both of these device designs have the following
advantages over the existing configuration suggested by Javey group:

1) In the device configuration of Javey group[97], the CdS layer is adjoined by an
opaque aluminum sheet, because the porous alumina (AAO) template is built from an
aluminum foil. Therefore, sunlight needs to be shined from the CdTe side, which, in
that case, is blocked partially by the top contact of gold and copper, resulting in a 50%
loss of incoming light[97]. In our design, the AAO template is built directly on top of
transparent electrode; thus the sunlight can be shined from the CdS side without any
substantial loss in transmission. This is operationally close to the traditional front wall
CdS/CdTe solar cell device structure[99], which has the desirable feature that most of
sunlight gets absorbed near the p-n heterojunction.

2) In many device designs, a thin layer (100nm~200nm) of intrinsic tin oxide (i-SnO2)
is inserted between the CdS window layer and the ITO conducting contact. This layer
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is known to prevent indium from ITO from diffusing into CdS during post-deposition
annealing and also to prevent the loss in open circuit voltage of the solar cell, by
keeping CdTe from coming in direct contact with ITO through possible pinholes in
the CdS layer[100-101]. In our design, this passivation layer can be easily added, making
the fabrication process more compatible with current thin film technology.

Table 5.1: Solar cells performance parameters with different thickness of intrinsic tin
oxide layer (Abbreviations: Voc = open circuit voltage; Jsc = short circuit current
density; FF = fill factor).
Thickness of i-SnO2

Voc(mV)

Jsc(mA/cm2)

FF.

Efficiency

w/o i-SnO2 (planar)

480

20.9

28.4%

2.9%

50 nm (planar)

670

23.3

48%

7.5%

250 nm (planar)

660

23

44.4%

6.8%

w/o i-SnO2 (nano)

450

22.8

25.3%

2.6%

50 nm (nano)

705

25.3

36.4%

6.5%

250 nm (nano)

715

24.9

35.2%

6.3%

The effect of this intrinsic tin oxide layer was tested in our lab for both planar and
nano-structured (Design A on behalf) solar cell as shown in Table 5.1. It can be seen
that such a layer is essential to achieve high quality solar cells, no matter it is a planar
structure or nano. However, the thickness of this layer is not so crucial. Similar
performance can be obtained with a large variation of the thickness of i-SnO2 layer, as
in our example, from 50 nm to 250 nm. Typically much higher open circuit voltage
and higher fill factor can be expected with this layer.
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5.2 Fabrication process of CdS NW – CdTe solar cell

5.2.1 Fabrication of ordered AAO template on i-SnO2/ITO/Glass substrate
Commercially available ITO (150~200 nm thick) on glass (~1mm thick) substrates
were cut into 1”x1” pieces and cleaned in acetone and methanol, followed by
de-ionized water rinse and nitrogen blow dry. Then these substrates were subjected to
a 4 minutes plasma etch in oxygen to remove all the organic residues. An intrinsic tin
oxide layer was deposited on ITO by either direct sputtering of SnO2 target or thermal
evaporation of tin metal followed by annealing in oxygen at 550°C for half an hour.

As a process detail, special attention is required to ascertain that this i-SnO2 layer as
well as the underlying ITO layer is smooth and flat so that no distortion of nano pores
will occur during the subsequent anodization step; for reference, distorted AAO on
curved SnO2 surface is shown in Figure 5.3[98]. Note, further, that in the device
configuration described here, the ITO/i-SnO2 layer combination can be easily
replaced by other materials such as Cd2SnO4/ZnSnO4 combination for future
improvements in device performance[102].
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(a)

(b)

Figure 5.2: (a) Surface morphology of sputtered SnO2 layer. (b) Surface morphology of
evaporated and annealed SnO2 layer

As shown in Figure 5.2(a) and (b)[98], AFM study of the surface morphology of those
two types of tin oxide layer indicates that the root mean square (rms) of surface
roughness of sputtered SnO2 is much smaller than evaporated and annealed SnO2
layer (rms = 1.7nm vs. 33.8nm). Therefore, evaporated tin oxide layer is not suitable
for the growth of porous alumina layer; it was abandoned in further fabrication
process. This is also confirmed by the scanning electron microscope image shown in
Figure 5.3[98], from which distorted pore structures can be observed.
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Figure 5.3: Distorted AAO templates on top of thermal evaporated and annealed SnO2 layer

In contrast, AAO template grown on sputtered SnO2 showed straight and ordered pore
structures, as seen in Figure 5.4[98].

Figure 5.4: Ordered porous alumina templates on top of sputtered SnO2 layer on ITO/Glass
for building front-wall structured nanowire CdS/CdTe based solar cells

80

To make AAO templates on top of ITO/SnO2, a thin layer of aluminum metal was
deposited by electron beam evaporation and anodized at a potential of 50 V in a 0.3M
oxalic acid solution. Pores of 60 nm diameter and 100-300 nm thickness in a matrix of
aluminum oxide were thus obtained. Note that the thickness of intrinsic SnO2 layer as
well as the AAO layer can be tailored as needed for comparison purpose. An example
with 250 nm of SnO2 and 400 nm of AAO is shown in Figure 5.5.

Figure 5.5: 400 nm AAO template on 250 nm i-SnO2 layer on ITO/Glass

5.2.2 Fabrication and characterization of CdS NW

The electrolyte for CdS deposition was composed of 0.055M CdCl2 and 0.19M
elemental sulfur, dissolved in 50 mL dimethyl sulfoxide (DMSO) and heated up to
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120°C. Under dc electrodeposition condition, a constant current density of 7.5mA/cm2
was applied for 7 ~ 13 seconds. The estimated growth rate was ~30 nm per second.
Thus, CdS nanowires of controlled length were deposited into these templates by
direct-current electrodeposition[86].

The samples were then dipped in saturated CdCl 2 in methanol solution and annealed
in argon gas at 400°C for 10 minutes. This step was to facilitate the recrystalization
and purification of CdS nanowires and condition the surface prior to CdTe
deposition[103]. Other types of treatment have also been tried for comparison, such as
annealing in hydrogen or air. However, none of them showed good performance in
probe voltage test as shown in Table 5.2, thus were not chosen for future
consideration (usually only cells with probe voltage larger than 600 mV are chosen
for further proceeding).

Table 5.2: Probe voltage tests of CdS-CdTe solar cells with different conditions of
treatment after CdS deposition.
Conditions of treatment

Probe voltage (mV)

Pure hydrogen, 400°C for 10 minutes

400

Pure oxygen, 400°C for 10 minutes

280

Air, 400°C for 10 minutes

510

CdCl2 dip & anneal in Ar, 400°C for 10 minutes

700

Dilute HCl dip & anneal in Ar, 400°C for 10 minutes

530
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To check the overall filling ratio and the quality of the nanowires, the AAO template
was completely dissolved in 1N NaOH solution. Notably, the bonds between SnO2
and CdS are strong enough that CdS nanowires remained free-standing (not peeling
off from the substrate) without the support of AAO template, as shown in Figure
5.6(a), where the thickness (length) of the CdS layer is ~200 nm. Depending on the
length, the CdS nanowires may lean on each other if the aspect ratio is high (typically
more than 5), as shown in Figure 5.6(b).

(a)
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(b)
Figure 5.6: SEM image of free-standing CdS nanowire arrays (top view). (a) ~200 nm in
length (aspect ratio < 5). (b) ~400 nm in length (aspect ratio > 5).

Dense and compact arrays of CdS nanowires indicate that the templates are
barrier-free and the filling is uniform. The length of these nanowires can be estimated
either from transmission electron microscope (TEM) image, as shown in Figure 5.7
(a)[98] (corresponding to Figure 5.6 (a)), or from cross-section view of SEM image, as
shown in Figure 5.7 (b) (corresponding to Figure 5.6 (b)).
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(a)

(b)
Figure 5.7: (a) TEM image of released CdS nanowires. (b) SEM image of free-standing CdS
nanowires on i-SnO2/ITO/Glass substrate (cross-section view).
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High-resolution TEM image of one tip of an annealed CdS nanowire is shown in
Figure 5.8[98], indicating that a single-crystalline structure was obtained in our
deposition process.

Figure 5.8: HR-TEM image of a single CdS nanowire, showing uniform atom arrangement

The crystal lattice distance of 0.33nm corresponded to the (002) plane spacing of
hexagonal CdS, which suggested the growth of nanowires was along the c-axis
direction. The quality of the nanowire is further confirmed by X-ray diffraction (XRD)
analysis, showing a very strong peak on its growth orientation as shown in Figure
5.9[98].

86

Figure 5.9: XRD pattern of free-standing CdS nanowires on ITO substrate.

5.2.3 Deposition of CdTe layer and making contact
A 4 μm thick p-type CdTe absorption layer was deposited on top of the CdS
nanowires by thermal evaporation. CdTe powder (99.999% pure, from Alfa Aesar)
was used as the evaporation source and the deposition rate was maintained at ~0.5
nm/s. It is interesting to note that in Design B, although the AAO template was
completely dissolved, the CdTe layer still stacked on top of the CdS instead of
completely filling in the gaps among the CdS nanowires; this result is illustrated in
Figure 5.10[98], and was attributed to the fact that thermal evaporation has very poor
step coverage[104], which turns out to be an advantage in this case, as it makes our
Design B feasible.
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Figure 5.10: After the removal of AAO templates, the Cadmium telluride layer was

evaporated on top of the CdS. CdTe did not fill the gaps between the CdS nanowires.

Post-deposition annealing was carried out at 500°C in argon gas ambient for 10
minutes to achieve larger grain size[105]. This step was found to be essential to reduce
the series resistance of CdTe and to prevent the nano CdS layer from
over-consumption during post-deposition CdCl2 treatment. Devices without this
annealing step resulted in very low open-circuit voltage (200 ~ 400 mV). On the other
hand, CdTe film annealed at even higher temperature (550°C) tended to peel off from
the underlying layer. Only those devices annealed in the range of 400°C ~ 500°C led
to good performance, with the best batch resulting from 500°C post-deposition
annealing process.

88

The devices were then dipped in saturated CdCl2 solution and annealed in argon gas at
387°C for 15 minutes, to purify the crystallites and to reduce the interface states
density[106].

Before putting contacts, the samples were etched in a mixture of nitric and phosphoric
acid (1% HNO3, 70% H3PO4, 29% H2O) for 30 seconds to clean the surface and form
a tellurium-rich (Te+) layer[107]. Then, a 3 nm thick copper layer was deposited onto
the tellurium-rich surface by sputtering, followed by the application of graphite paste
electrode[108]. Next, the samples were heated at 200°C for 10 minutes to form a Cu2Te
layer as well as to cure the graphite paste. Last, silver paste was painted uniformly on
the graphite paste to form the top contact and on the ITO layer to form the bottom
contact. The samples were heated again at 200°C for 10 minutes to cure the silver
paste layer. It is interesting to note, again, that the Design B structure was able to
withstand all these post-deposition thermal and etching treatments without the
collapse of the CdS nanopillars.

Current-voltage (I-V) characteristics were measured automatically by a LabView
program, controlling power supply and two digital multimeters for voltage and current
measurement respectively. The illumination intensity was kept at ~100mW/cm2 at
sample surface and light entered from the CdS side.
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5.3 Characterization of CdS NW – CdTe solar cell

5.3.1 Current-Voltage (I-V) measurement under illumination
I-V characteristics of the champion cells of these two designs (Design A: CdTe on
CdS nanowires embedded in AAO; Design B: CdTe on free-standing CdS nanowires)
were measured under dark condition as well as AM1 illumination intensity (~100
mW/cm2). These are shown in Figure 5.11[98]. The properties of these nano-structured
cells will be discussed in a later section. Here, the champion cell of a planar
CdS-CdTe structure made in our lab using similar fabrication process was firstly cited
as reference.

(a)

(b)

Figure 5.11: Champion solar cell I-V characteristics of (a) Design A: CdTe on CdS nanowires
embedded in AAO; (b) Design B: CdTe on free-standing CdS nanowires
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5.3.2 I-V characteristic of the champion planar cell
Note that in this best planar solar cell, the CdS layer was made by chemical bath
deposition (CBD) instead of electrodeposition (ED). We tried to use the same process
to prepare both planar and nano CdS for a better controlled comparison. However, it
turned out that an electrodeposited planar CdS film did not stick well on the substrate
during post-deposition annealing. After evaporation of CdTe, the planar CdS peeled
off from the under-layer during high temperature treatment.

On the other hand, we also tried to produce CdS nanowires by chemical bath
deposition. However, it formed nano dots along the walls of AAO instead of forming
a continuous wire. Thus, we chose to prepare the planar CdS film by CBD and
prepare the CdS NW by ED. Nevertheless, the champion planar CdS-CdTe solar cell
in the world was made by CBD, as far as we know. Except for this layer, all other
processes were maintained the same for both planar and nano structured devices.

The I-V characteristic of the champion planar cell is shown in Figure 5.12.
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Figure 5.12: Champion planar CdS-CdTe solar cell I-V characteristic

In all cases, there was a crossover between dark and illuminated I-V curves, which
was attributed to the photoconductivity of semiconductors and the changes in space
charge at the junction under illumination. This change of junction properties can be
further confirmed by the change of diode ideality factor and reverse saturation current
density, which will be discussed in detail later.

5.3.3 Analysis of the champion planar cell
The basic equation for solar cell operation,

J  J 0 (e qV

AkT

92

 1)  J L

(5.1)

can be transformed to calculate the junction properties.

(5.2)

for the dark I-V curve, and

(5.3)

for the I-V curve under illumination. These parameters for the champion planar
CdS-CdTe solar cell were listed in Table 5.3. The semi-log ln(J) vs. V curves were
plotted in Figure 5.13.

Table 5.3: Junction properties for the champion planar CdS-CdTe solar cell.
Illumination

α (slope)

A (ideality factor)

J0 (reverse saturation)

Dark

10.3

3.75

5 x 10-6 A/cm2

Light

5.83

6.62

4.1 x 10-4 A/cm2

Planar CdS-CdTe dark

Planar CdS-CdTe light
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Figure 5.13: Semi-log plots for the champion planar CdS-CdTe solar cell (a) ln (J) vs. V in
dark (b) ln (J + JL) vs. V under illumination

From the dark semi-log curve, we calculated the junction ideality factor A = 3.75,
which is larger than 2. This indicated that there were other current flow processes
besides diffusion and depletion region recombination, such as interface recombination
and tunneling recombination through defects and traps. The ln(J) vs. V curve deviated
from linear due to enhanced depletion region recombination at low forward bias and
due to high-level injection and series resistance at high forward bias.

Comparing the dark curve with light curve, the reverse saturation current density
increased about 100 times under illumination, and the junction ideality factor also
increased by a factor of almost 2. We attribute this phenomenon to the existence of
large number of deep-level traps near the CdS-CdTe interface. These traps enabled a
new recombination current path, which involves tunneling of electrons between CdS
conduction band and empty traps levels across the interface in CdTe followed by
holes capture by the traps. This current is limited by the hole population near the
junction under dark. However, under illumination, a large number of holes are now
available at the interface, sharply enhancing this tunneling-recombination current.
Thus the effective diode reverse saturation current density was increased.
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The existence of deep level traps in the CdTe layer was also confirmed by the current
drift phenomenon under high forward bias. It was observed that in dark, when
applying a relatively high potential (greater than 0.7 V), the current kept shifting to
high values rather than stay at a certain value, and this process could last for a few
minutes. This is because, under high forward bias, a large number of trap levels
(assuming neutral when empty) now fall below EFn. This decreases the total barrier
for hole diffusion, and increases the width of the trapped-charge layer, thus making a
large number of holes available at the interface. This has a similar effect as shining
light on the junction, resulting in higher effective diode reverse saturation current
density and ideality factor, which further increases the forward bias current. Since the
trap levels are deep, they may respond to a given forward bias very slow and take
minutes to reach a steady state. As a result, when applying a high forward voltage, the
current continues to drift towards higher values.

5.3.4 Comparison of the champion nano & planar cell
The numeric performance parameters are listed in Table 5.4[98].

Table 5.4: Nanowire-based & planar CdS-CdTe solar cells performance parameters.
Solar cell type

Voc(mV)

Jsc(mA/cm2)

FF.

Efficiency

Design A (red arrow)

705

25.3

36.4%

6.5%

Design B (blue arrow)

670

24.5

31.3%

5.1%

Planar CdS-CdTe

670

23.3

48%

7.5%
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Note that more than five samples of each type were made, but only the best cells are
compared here, because the average value of each performance parameter of all these
samples follows the same trend as the best samples. From the upper part of Table 5.4
(comparing nano design A & B), we can see that the solar cell with embedded CdS
nanowires has higher values of open circuit voltage, fill factor, short circuit current
density and power conversion efficiency. In comparison with Design B, the nanowires
in Design A are better isolated from the outer ambient. Another advantage of Design
A is that it contains less shunting paths. Even in very high quality planar CdS thin
films, pinholes cannot be completely avoided and some CdTe tentacles can come in
direct contact with the SnO2 under layer, resulting in shunting paths. The same thing
will happen in Design B. On the contrary, in Design A, even if pinholes form in the
CdS layer during electrodeposition, approximately half the area remains covered with
aluminum oxide, which prevents CdTe layer from touching the electrode layer. As a
result, the shunt resistance of Design A is higher than that of Design B. In addition,
the AAO matrix among the CdS nanowires makes the film more stable than in the
case of gaps among nanowires; this makes Design A more robust.

Comparing the nano cells with planar CdS-CdTe, the nano-structured solar cells
typically have higher or similar open circuit voltage, higher short circuit current, as
was expected (see Chapter 3 – simulation for details). However, they showed lower
overall conversion efficiency due to much lower fill factor, which was the combined
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effect of series resistance and shunt resistance. These values were estimated from the
I-V curves and listed in Table 5.5 for reference.

Table 5.5: Series & shunt resistances of NW & planar CdS-CdTe solar cells.
Solar cell type

Rs (series resistance)

Rsh (shunt resistance)

Design A (embedded in AAO)

9 Ω∙cm2

130 Ω∙cm2

Design B (free-standing)

6.8 Ω∙cm2

45 Ω∙cm2

Planar CdS-CdTe

3.7 Ω∙cm2

140 Ω∙cm2

From Table 5.5, we can see that nano Design A has similar shunt resistance as the
planar cell, but much higher series resistance. This could be resulted from the extra
distance that a photo-generated electron in the CdTe on top of the aluminum oxide
instead of CdS needs to travel to reach the CdS nanowire. On the other hand,
considering the effects of process variation, there could be a small portion of CdS
NWs that didn‟t reach the top surface of AAO, resulting in a gap between the tips of
CdS NWs and the top CdTe film. The photo-generated electrons in the CdTe on top of
these gaps will need to travel another extra distance to reach the nearest CdS nanowire,
further increasing the series resistance of this device. For similar reasons, the series
resistance of nano Design B is higher than planar device, but lower than Design A
because after the removal of AAO template, even those shorter CdS NWs could get in
touch with the top CdTe layer.
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Although the series resistance of nano Design B is less than Design A, the overall
performance of Design B is poorer, due to the much smaller shunt resistance. This is
because, without the protection of AAO matrix, residues and junk that may be present
in the gaps between CdS nanowires would cause another type of shunting path as
shown in Figure 5.14.

Figure 5.14: Residues and junks in-between and on top of the free-standing CdS NWs

The ideality factors and reverse saturation current densities for nano CdS-CdTe solar
cells were listed in Table 5.6.
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Table 5.6: Junction properties for the champion nano CdS-CdTe solar cells of both
device configurations.
Illumination

α (slope)

A (ideality factor)

J0 (reverse saturation)

Dark (Design A)

8.2

4.7

1.7 x 10-5 A/cm2

Light (Design A)

3.5

11

1.8 x 10-3 A/cm2

Dark (Design B)

7.4

5.3

2.8 x 10-5 A/cm2

Light (Design B)

3

12.7

3 x 10-3 A/cm2

Here we noticed a similar relationship between the dark properties and light properties
of a nano device as compared with a planar device. In both cases, the reverse bias
saturation current density increased about 100 times under illumination, and the
junction ideality factor also increased by a factor of 2 ~ 3. And this is also true for
both designs of nano-structured solar cells. This fact further confirmed a large number
of deep-level traps in the CdTe layer near the CdS-CdTe interface because in all three
devices, the CdTe bulk layer was deposited and treated the same way. Thus, despite
the differences in the CdS layer structure design, the increments of reverse saturation
current density and ideality factor were about the same.

On the other hand, the nano devices have larger values of reverse bias saturation
current densities and ideality factors than the planar device. This is in contradiction
with what we expected when we performed simulation. However, in our simulation,
we assumed that the junction quality and carrier transportation mechanism were the
same for both planar and nano devices. As a matter of fact, it is not the case. It could
be attributed to the different surface conditions resulted from different methods of
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CdS deposition. In conclusion, the nano-structured CdS-CdTe solar cell devices have
poorer performance than simulated results because of their lower junction quality at
the nano-CdS/CdTe interface.

5.3.5 Effects of CdS NW length on the device performance
To study the influence of nanowire length on the performance of solar cells, the AAO
template thicknesses were varied from 100 nm to 300 nm (in Design A) or from 200
nm to 400 nm (in Design B) and filled with CdS nanowires with lengths ranging from
100 nm to 300 nm (equal to the template thickness in Design A or 100 nm less than
the template thickness in Design B). They were all fabricated under the same process
conditions except the deposition time of CdS. Performance parameters of these solar
cells are shown in Figure 5.15[98].

(a)

(b)

100

(c)

(d)

Figure 5.15: Top: open-circuit voltage and short-circuit current density of solar cell (a)
Design A (b) Design B; Bottom: fill factor and efficiency of (c) Design A (d) Design B

From Figure 5.15 (a) and (c), it can be seen that in Design A, the open circuit voltage
and fill factor remain pretty much the same as the length of CdS nanowires increases
from 200nm up to 300nm. However, the short circuit current dropped a bit, resulting
in a little decrease in final efficiency, which was attributed to the transmittivity loss in
thicker CdS layer. On the other hand, the short circuit current almost remains the
same as the length of CdS nanowires decrease from 200nm down to 100nm, while a
small drop is seen in both open circuit voltage and fill factor. This might be due to the
consumption of CdS nanowire layer resulting from the inter-diffusion between CdS
and CdTe during post-deposition CdCl2 treatment. As CdS layer is consumed,
shunting problem becomes the major limiting factor in of the performance of solar
cell.
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This phenomenon is more obvious in the case of Design B, as we can see from Figure
5.15 (b) & (d). Severe drop of open circuit voltage, short circuit current and fill factor
occurred when the length of CdS nanowires was decreased to 100 nm, resulting in a
large loss in efficiency. Clearly, a device of Design B can be expected to be more
vulnerable to unintended process variations than a device of Design A. Meanwhile,
the slight drop in the efficiency of 300 nm sample of Design B was attributed to the
same reason as for the device of Design A.

For cells without the protection of AAO matrix, residues and junk that may be present
in the gaps between CdS nanowires would cause another type of shunting path,
accounting for the average lower efficiency of Design B solar cells. Unlike the case of
the hybrid 3D junction structure of Javey group, where both lateral and vertical
junctions are present and efficiency values increase greatly as the lengths of CdS
nanowires increases, in our structure, not much change occurred with the change of
CdS nanowire length, as there was no essential change in the junction. Instead, it was
the change of CdS transmittivity that played the dominant role in efficiency
enhancement. Nevertheless, in the case of short nanowires, there can be some changes
in the junction quality as the consumption of CdS layer becomes severe.
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5.3.6 Capacitance-Voltage (C-V) measurement of CdS NW – CdTe solar cell
To further understand the characteristics of the nano-structured CdS-CdTe solar cell,
the capacitance of the champion cell was measured as a function of applied bias at
different frequencies. The results were shown in Figure 5.16.
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Figure 5.16: Capacitance vs. applied voltage for the champion nano CdS-CdTe solar cell at (a)
5 KHz (b) 30 KHz (c) 300 KHz

The capacitance for a certain applied bias varies as the frequency changes, indicating
that deep-level traps could present in the CdTe layer. These traps are relatively slow,
and can respond to low-frequency signals but not high-frequency signals. Thus, as the
frequency goes higher, fewer traps could contribute to the measured capacitance,
resulting in a drop in the capacitance value.

To estimate the carrier density in the CdTe layer, a plot of

1

C 

* 2

vs. V at 30 KHz,

for example, was shown in Figure 5.17.
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Figure 5.17: 1/C2-V plot of the champion nano CdS-CdTe solar cell at 30 KHz
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The ideal relationship between capacitance and voltage of a one-sided p – n+ junction
is given by

(5.4)

where C* is the capacitance per unit area, V is the applied voltage, Na is the doping
concentration, ε0 is the dielectric constant of vacuum, and εr is the relative dielectric
constant. A linear

vs. V curve indicated a constant doping concentration in the

CdTe layer. We could also estimate the depletion width at zero bias by

(5.5)

at VA = 0, where εs is the dielectric constant of CdTe, Vbi is the building potential, and
VA is the applied voltage. The estimated values of doping concentration Na, depletion
width W, and building potential Vbi at different frequencies were listed in Table 5.7.

Table 5.7: Junction properties & doping densities for the champion nano CdS-CdTe
solar cells at different frequencies.
Frequency (KHz)

W (μm)

Vbi (V)

Na (cm-3)

5

0.16

0.1

4.6 x 1015 cm-3

30

0.44

0.4

2.1 x 1015 cm-3

300

1.6

2.2

8.7 x 1014 cm-3
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As we can see from the table, the effective carrier concentration decreases as the test
frequency increase. These values included the effect of those traps that could respond
to certain frequencies. Thus the doping density value is more reliable at higher
frequency, in our case, less than but close to 8.7 x 1014 cm-3. This is also a typical
value for p-CdTe thin film, which cannot be heavily doped. Similarly, the value of
zero-bias depletion width is more reasonable at higher frequency, and a typical
junction width of about 2 microns is expected.

5.3.7 Low-temperature I-V measurement of CdS NW – CdTe solar cell
To further understand the carrier transportation mechanism at the junction, a
low-temperature I-V measurement was performed for the champion cells of both
designs. They were measured under dark condition, at 300 K, 200 K, 100 K, 50 K,
respectively as shown in Figure 5.18.
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Embedded in AAO CdS NW - CdTe solar cell
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Free-standing CdS NW - CdTe solar cell
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Figure 5.18: Dark I-V measurement of the champion CdS NW - CdTe solar cells of (a)
Design A, and (b) Design B, at different temperatures

To perform these measurements, samples were mounted at the sample stage on the top
of the cryostat, covered by a metallic shell. A temperature sensor was placed at the
vicinity of the sample to monitor the temperature. The whole system was pumped for
~1 hour to reach low pressure (in the range of 10-1 ~ 10-2 Torr) to prevent gas
condensation. A compressor was used to send helium back and forth to continuously
cool down the system, while a heater was used to maintain the sample at a preset
temperature.
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According to

(5.6)

for a set of I-V curves, we plot their corresponding ln(I) vs. V curves and extract α (α
is the slope of the ln(I) vs. V curve, which equals to

) at different temperatures.

Here, we plot the α vs. 1000/T, as shown in Figure 5.19.
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Figure 5.19: α (

5

(b)

) vs. 1000/T plots of the champion CdS NW - CdTe solar cells of (a)

Design A (b) Design B

For an ideal p-n junction where diffusion is the dominating mechanism of charge
transportation, the slope α should be proportional to 1/T. Clearly it is not the case for
our devices. The numbers of α as well as ideality factor A are listed in Table 5.8.

110

Table 5.8: Slope & ideality factors for the champion nano CdS-CdTe solar cells of
both device configurations at different temperatures.
Temperature (K)

α (slope)

A (ideality factor)

300 (Design A)

7

5.5

200 (Design A)

4.8

12.1

100 (Design A)

3.6

32.2

50 (Design A)

3.6

64.4

300 (Design B)

5.6

7

200 (Design B)

5.3

10.9

100 (Design B)

4.1

28.3

50 (Design B)

4.6

51

From Table 5.8, we can see that the lower the temperature, the farther away the
ideality factor from ideal case of one. This is because, as the temperature (T) goes
lower, the thermal generated carrier diffusion current (the reverse saturation current
density) becomes smaller as indicated by

(5.7)

Thus the recombination current through interface states and deep-level traps becomes
more and more dominant, and the ideality factor deviates further from unity. This
further confirmed that the charge transportation at the junction is the co-effect of
diffusion and defects-assisted recombination, where deep-level traps and interface
states play an important role as indicated by C-V and illumination I-V measurements,
as has been discussed in above sections.
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5.4 Comments
In summary, we have described novel device configurations for the CdS-CdTe solar
cells where nanowires of CdS, embedded in aluminum oxide, or free standing, are
used as the window semiconductor layer. From theoretical considerations, this leads
to a window layer of higher optical transmission, and a reduced junction area for the
“lossy”, reverse saturation current. As a result, one can expect higher short circuit
current and higher open circuit voltage values, resulting in an estimated 25% increase
in the power conversion efficiency of the CdS-CdTe solar cell as was simulated in
Chapter 3.

Devices of the two nanostructured designs mentioned above were fabricated. In initial
experiments, a power conversion efficiency value of 6.5% for Design A (CdS NW
embedded in AAO) and 5.1% for Design B (free-standing CdS NW) was achieved.
To our knowledge, 6.5% is the highest efficiency among all reported solar cells based
on nanowires, nanodots, nanopillars or nanorods. For this cell, open-circuit voltage,
short-circuit current density and fill factor values were 705mV, 25.3mA/cm2 and
36.4% respectively. Further process optimizations, including reduction of contact
resistance between CdTe and graphite electrode, surface treatment of ITO/SnO2 layers
and replacement of thermal evaporation by close space sublimation for CdTe
deposition, could lead to further enhancement of the conversion efficiency.
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6. CuInSe2 Nanowires – Al Schottky Diode

6.1 Why is CIS nanowire interesting?
Copper indium diselenide (CuInSe2 or CIS) and its related compounds like copper
indium gallium selenide(CIGS), are the leading semiconductor materials for low cost
photovoltaic applications[109-115]. Solar to electrical conversion efficiency as high as
19.5% has already been achieved[110]. At this point, the major factor limiting the
efficiency is the relatively low open circuit voltage (Voc) caused by the lower than
optimal energy bandgap of 1.04 eV in CIS[93]. For enhanced performance, the
effective energy bandgap of CIS needs to be increased from 1.04 eV to 1.5 eV. This
can be done by adopting a nanowire device structure where the small diameter of CIS
wire would lead to quantum confinement and hence an increased effective bandgap,
tunable to the optimal value of 1.5 eV[116-117]. In fact, nanowire devices, whose optical
and electrical properties can be tailored in a controllable manner[118] by simply
varying the diameter of the nanowire in the quantum confinement regime, are of
immense interest for their applications not only in solar cells but also in number of
other optoelectronic devices including sensors, photodetectors, and light emitters.

As was mentioned before, of the several approaches for making nanowire arrays,
template assisted method[115, 119-121] is particularly straightforward, inexpensive and
adaptable to large scale production; here, several semiconducting or metallic materials
are electrodeposited into the pores of an alumina film at the same time. To further
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study the properties of CIS nanowires, a thin layer contact of gold was deposited on
top of the nanowires of CIS to form Al-CIS-Au Schottky diodes. Thus we have laid
the groundwork for characterizing the surface and junction behavior of CIS nanowires
through Schottky analysis. Such a characterization is believed to be essential for the
later development of high efficiency solar cell designs in these nanowires[93].

For this first study on the nanowire CIS-Al Schottky diodes, we have used two earlier
studies on this system as benchmarks. One is by Matsushita et al[122], who
investigated the CIS-Al Schottky diode on single crystal CIS; the other is by Raffaelle
et al[123], who used a polycrystalline film of CIS electrodeposited on molybdenum for
their CIS-Al Schottky diode.

6.2 Fabrication procedure of CIS NW – Al Schottky diode
Device structure of Figure 6.1[93] showing CIS nanowires inside AAO template on an
aluminum substrate was fabricated by first preparing a short length (~1000 nm)
anodized aluminum oxide template and subsequently filing it with CIS by
electrodeposition.
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Figure 6.1: Configuration of the device for CIS nanowire - Al Schottky diode measurement

Two-step anodization process was used to prepare the AAO templates. A 60
micrometer thick aluminum sheet with backside protected by glue and paper served as
the anode, and a platinum foil served as the counter electrode[93]. The electrolyte
contains 0.3M oxalic acid powder dissolved in de-ionized water. The first step
anodization was performed at 20V constant voltage for 10 minutes. The formed
aluminum oxide layer was then etched off in a hot mixture of phosphoric acid and
chromic acid. The second step anodization was performed under a constant potential
of 25V at room temperature for 10 minutes, resulting in a layer of approximately 1
micrometer thick porous alumina.

To remove the thin aluminum oxide barrier layer at the aluminum/porous alumina
interface, we ramped down the anodization voltage at the rate of about 10% per
minutes till it reached a value of 1V. Then the sample was immersed in 50%
phosphoric acid and subjected to a heat treatment in air at 200°C for several hours to
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convert any possible hydroxide residuals into aluminum oxide. AAO templates with a
typical pore diameter of about 25 nm and pore length of around 1 μm were prepared
by this two-step anodization process.

Next, CuInSe2 nanowires were electrodeposited in the pores by simultaneously
plating all three elements. The bath for CIS nanowire electrodeposition contained 1.5
mM copper sulfate hydrate, 2 mM indium sulfate hydrate and 3.5 mM selenious acid.
The pH was then adjusted to a value of 3 by adding potassium hydrogen phthalate and
hydrochloric acid to the mixture. The electrodeposition was conducted under a dc
pulse voltage of 1 V for 20 minutes at room temperature. Typical current density
during the ED process was 0.25 mA/cm2. For recrysallization, the deposited CIS
nanowires were annealed in Argon gas at 350°C for 1 hour.

These CIS nanowires embedded in the AAO matrix were first characterized by
scanning electron microscope (SEM), energy dispersive X-ray analysis (EDX), and
X-ray diffraction (XRD) to study the material properties. Next, a thin layer of gold
was deposited on top of the nanowires by electron beam evaporation to form ohmic
contact with CIS nanowires. Current-voltage and capacitance-voltage characteristics
of the Al-CIS nanowire Schottky diode, thus obtained, were measured with a
computer controlled set up of a programmable semiconductor parameter analyzer
(Agilent 4155B). Capacitance-voltage measurements were made with a capacitance
meter (Agilent 4284A 20 Hz ~ 1 MHz).
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6.3 Characterization and analysis of CIS NW – Al Schottky diode

6.3.1 CIS nanowire characteristics
Top view and cross-sectional view of a typical annealed sample of CIS nanowires
inside porous alumina template are shown in Figure 6.2 (a) and (b)[93].

(a)
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(b)
Figure 6.2: SEM images of the CIS nanowires inside porous alumina template: (a) top view (b)
cross-section view

From Figure 6.2, we can see that nanowires grow continuously from the bottom of the
pore, which lies at the aluminum substrate/porous alumina interface, all the way to the
top surface. From the cross-section view, it is estimated that ~90% of the pores are
filled with CIS nanowires and around 80% nanowires are grown all the way through
the pores to the top surface. This is also confirmed by the top view. Note that in the
cross-section view, the AAO template detached from the aluminum substrate, which
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is attributed to the stress produced during the process of breaking the device and
mounting it on the stub for electron microscopy.

X-ray diffraction measurements on these nanowires showed a pattern corresponding
to a preferential [112] orientation of CIS and a composition close to stoichiometric
CIS was indicated by EDX measurements[115].

6.3.2 CIS NW – Al Schottky diode I-V characteristics
By evaporating a thin layer (~100nm) of gold on top of the nanowires to form ohmic
contact to CIS, the Al/CIS(nanowire)/Au Schottky diode device of Figure 6.1 was
obtained. It was used to investigate the electric characteristics of the electrodeposited
CIS nanowires. The current density vs. voltage (J-V) characteristic of an Al/CIS
nanowire Schottky diode is shown in Figure 6.3[93]; for this measurement, gold
electrode was biased positive with respect to the aluminum electrode.
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Figure 6.3: A typical J-V curve of Al/CIS nanowire Schottky diode

In Fig. 6.3, the current-voltage relationship is more linear than exponential at high
current values (deep forward bias) because the resistance-induced voltage drop is
dominant in that regime. From the slope in this linear regime, a value of 44.3 Ω was
calculated for the series resistance of the device. Attributing this resistance mainly to
the bulk resistance of nanowires and knowing that the porosity of the AAO template
is 25%, the fill factor is 90% and 80% of the filled nanowires are grown all the way
from bottom to the top surface, we calculated the resistivity of the CIS nanowires to
be 5.6 103   cm . For these calculations, 0.07 cm2 was the device area of the 1/8
inch diameter gold dots, and the junction area was 0.07*25%*90%*80% = 0.0126
cm2.

The resistivity of bulk CIS film is known to depend strongly on its grain size[124]. In
results reported by Yong Shi et al[124], the resistivity of polycrystalline CIS ranged
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from 0.58   cm to 516   cm as the grain size decreased from 400 nm to 100 nm
for the same CIS thin film annealed at different temperatures. Resistivity data for CIS
of smaller than 100 nm grain size are not available in the literature because the
as-deposited planar polycrystalline CIS films have grain sizes of around 100 nm and
the grain sizes tend to become even larger as these planar films are subjected to
traditional annealing treatments. The only exception is in our case, where the particle
size is limited by the template pore size and does not increase with annealing
temperature. Thus a resistivity value of 5.6 103   cm for a particle size of ~25 nm
is in conformity with the reference[124].

It should be noted that, in addition to smaller than 100 nm grain size, other possible
causes for the relatively high resistivity value can include, (i) a thin barrier layer of
aluminum oxide at the Al-CIS interface, (ii) the perturbed nanowire geometry due to
the branched structure of the AAO-CIS at the CIS/Al interface region, and, (iii) the
native oxide layer that forms on top of the CIS nanowire, before the deposition of
gold electrode. It is thought, however, that the barrier layer thickness at the bottom
must have been rather thin because a large number of bubbles were observed at the
end of the phosphoric acid etching process, indicating that the barrier layer had been
at least partially pierced and the underlying aluminum surface exposed to the acid.
Also, further annealing was performed at a relatively low temperature 200ºC. The
native oxide layer on top is also expected to be thin because deposited CIS nanowires
were annealed in argon gas, followed by an immediate evaporation of gold contact.
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Next, we applied the generalized current density - voltage equation for Schottky diode

  qV  
J  J 0 exp 
  1
  nkT  

(6.1)

to analyze the electrical behavior of the semiconductor nanowires. Neglecting the “-1”
term and taking natural logarithm on both sides, we get a linear relationship between
ln(J) and V, and the slope equals

q
. Thus we calculated the ideality factor to be n
nkT

= 6.4. When compared with the ideality factor values of 3.5 ~ 4.8 reported by Hiroaki
Matsushita et al[122] for single crystal CIS-Al junction, it is felt that current flow in our
nanowire CIS-Al junctions may be dominated even more by tunneling recombination
through mid-gap traps and interface recombination processes.

Extrapolation of the ln(J) vs. V characteristic yielded the value of the effective reverse
saturation current density to be J 0  9.28 105 A / cm2 .

This is close to the value

reported by Hiroaki Matsushita et al for the single crystal CIS - Al junctions[122].

6.3.3 CIS NW – Al Schottky diode C-V characteristics
Zero bias capacitance measurements on these Schottky diodes revealed that the
capacitance first decreased with frequency (f), at low test frequencies, but became less
and less sensitive as frequency was increased, becoming invariant for f = 1 MHz and
higher. This effect was attributed to a part of the junction space charge being stored in
“slow” mid gap traps in the CIS nanowires. Charge in these traps is able to respond to
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the applied test voltage of “low” frequency but is unable to respond to the test voltage
of “high” frequency.

To minimize the effects of such traps and defects, the capacitance-voltage (C-V)
measurement was conducted at the “high” frequency of 1MHz. The resulting plot of

1

C 

* 2

versus reverse bias voltage VR, is shown in Figure 6.4[93].

Figure 6.4: 1/C2-V curve of Al/CIS nanowire Schottky diode measured at 1MHz.

Even when the

1

C 

* 2

vs. V characteristic is non-linear (as in Fig. 6.4), and defects

and traps are present, equations

1

C*

2(Vi  kT / q  V )
qN a  0 s

(6.2)

(6.3)
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where

x

 s 0
C

(6.4)

can be used to calculate the variation in local space charge density, qN(x) as a function
of x, where x is the depth inside CIS, from the Al-CIS interface[125]. N(x) can be thought
of as local “effective carrier concentration”. N(x) is approximately equal to the local
concentration of ionized acceptors, Na(x) in CIS, when the charge stored in local
defects and traps is much smaller than qNa(x). Note that at room temperature, Na(x) is
approximately equal to the local carrier (hole) concentration in CIS.

On the other hand, when charge stored in defects and traps is not much smaller than
qNa(x), then N(x) and Na(x) can differ substantially. N(x) was calculated by using the
above equations and the capacitance-voltage data of Figure 6.4. In this calculation,
junction area of 0.0126 cm2, rather than the device area of 0.07 cm2 was used. Thus, at
zero bias, the junction capacitance per unit area is 59.5 nF/cm2, which corresponds to
a depletion layer width of 120 nm, where a value of 8.1 is used for the relative
dielectric constant of CIS.

The slope of the plot in Figure 6.4 at zero bias is 1.46 x 1014 cm4/(F2∙V), which
corresponds to a value of N = 1.2 x 1017 cm-3. In other words, the value of N at the
edge of depletion region, which is 120 nm from the junction with aluminum, is 1.2 x
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1017 cm-3. Similarly, the slope of the plot in Figure 6.4 at a bias of -3 V is 7.1 x 1014
cm4/(F2∙V), which corresponds to a value of N = 2.45 x 1016 cm-3. At this bias, the
junction capacitance value is 26.8 nF/cm2, which corresponds to a depletion layer
width of 267 nm.

For our device, Schottky junction model calculation yielded effective carrier
concentration in the CIS nanowires varying from1.2 x 1017 cm-3 to 2.45 x 1016 cm-3 as
the distance from the aluminum interface varied from 120 nm to 267 nm. This
variation along the length of nanowire is thought to be related to the differences in the
velocity of ion transport for copper, indium and selenium, down the narrow nanotubes
of porous alumina during electrodeposition. This would lead to changes in the
stoichiometry of CIS as the relative concentration of copper, indium and selenium
changes during the growth of wires in the nanopores, by the electrochemical
deposition process[126]. Such concentration gradients have been reported earlier in the
electrodeposition of bulk CIS films[127].

The composition of the nanowires is more Cu rich at the initial stage of deposition. In
other words, the Cu/In ratio is higher at the interface between aluminum and CIS
nanowires, which results in a higher carrier concentration near the CIS/Al junction. As
the deposition goes on, the Cu component gradually decreases and In composition
gradually increases, and the nanowire composition gradually becomes close to
stochiometric.
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It should be noted that the composition of bulk electrodeposited CIS films can be
adjusted by post-deposition annealing and recrystallization, making these films
eventually stochiometric. However, in the case of nanowire, post-deposition annealing
seemed to be not as effective. This might be due to the confinement of nanostructure,
which results in less mobility of the atoms during high temperature processes.

Overall, these N values are higher than those (from 5.9 1015 cm 3 to 2.2 1015 cm 3 )
reported by Matsushita et al[122] from C-V measurement at 50 KHz on their single
crystal CIS-Al junctions and the values (from 1.1 x 1015 cm-3 to 0.28 x 1015 cm-3)
reported by Raffaelle et al[123] on their CIS-Al junctions on polycrystalline films of
CIS electrodeposited on molybdenum substrates.

6.3.4 Band diagram of CIS NW – Al Schottky diode
Equilibrium energy band diagram for the CIS-Al Schottky diode in the ideal case of
zero interface states and traps is shown in Figure 6.5[93].
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Figure 6.5: .Sketch of the energy band diagram of a CIS-Al Schottky diode.

To construct this diagram, the electron affinity values were taken to be 4.48 eV for
CIS[124] and 4.28 eV for aluminum[59] ; N = 1.2 x 1017 cm-3 at 120 nm from the CIS/Al
interface and N = 2.45 x 1016 cm-3 at 267 nm, as obtained from the capacitance
measurements above, and a hole effective mass, mp = 0.71m0 for CIS were used for
calculating EF - EV, from the equations[59]

N 
EF  EV  kT ln  v 
 Na 

(6.5)

3

 2 m p kT  2
Nv  2 

2
 h


(6.6)

where, NV is the effective density of states in the valance band of CIS; k is Boltzman‟s
constant; h is Planck‟s constant and T is temperature.

From the energy band diagram sketch of Figure 6.5, the theoretical value of the
built-in junction potential, Vbi is estimated to be 1.12 V. We are not reporting an
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experimental value of Vbi because, for our device, the extraction of effective junction
barrier height from the capacitance data is complicated by the fact that the

1

C 

* 2

vs.

V plot of Figure 6.4 deviates from linearity and therefore, cannot be extrapolated to
find its intersection with the horizontal voltage axis. In other words, for our device,
the space charge density in CIS is not really known in the first 120 nm distance from
the aluminum interface.

Matsushita et al measured a junction potential of only 0.6 V for the single crystal
CIS-Al junction[122]. Rafaelle et al[123] also reported barrier heights in the (0.56-0.60)
V range for CIS-Al junctions on CIS films electrodeposited on a molybdenum
substrate. One possible cause of their relatively low values of Vbi may be the presence
of a large number of surface states, which can cause the barrier height to be controlled
by the surface states instead of the metal work function[59].

6.4 Comments
Schottky diodes between the p-type semiconductor CuInSe2 nanowires and aluminum
metal were fabricated by electrodepositing CuInSe2 into the pores of an alumina
template formed on top of an aluminum sheet. Scanning electron microscopy revealed
well formed, compact nanowires inside the pores. A top ohmic contact to CIS
nanowires was made by depositing a thin layer of gold with E-beam evaporation.
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I-V and C-V measurements were conducted for the Schottky diode and electrical
properties of the nanowires were extracted. A resistivity value of 5.6 103   cm was
measured for these embedded CIS nanowires, with particle size of about 25 nm. The
diode ideality factor for the junction was 6.4, which is slightly higher than the value
of 4.8 reported for a single crystal CIS-Al junction. The effective reverse saturation
current density was J 0  9.28 105 A / cm2 . Electrical characteristics of the junction
between the CIS nanowire and aluminum were similar to those of the junctions
between single crystal CIS and aluminum and between polycrystalline CIS films and
aluminum, except that in those two cases, the C-V measurement yielded constant
carrier concentrations.
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7. Conclusions and Suggestions for Future Work

Theoretical analysis of thin film CdS-CdTe heterojunction solar cells, with planar CdS
window layer and with nanowire CdS window layer, was performed. It was shown by
numerical simulation that the device design using nanowire CdS can yield a
substantial (~25%) enhancement in the power conversion efficiency of this cell.

To facilitate the fabrication of nano-structured solar cells, the technology of building
barrier-free anodic aluminum oxide templates on top of transparent conducting oxide
substrates was developed. Non-uniformities were shown to exist in the fabrication
process for porous alumina templates on ITO substrates. The potential origins for this
non-uniformity were traced to non-uniformities in Ti deposition, Al deposition and
the electric field in the device. The whole anodization process was studied in detail
and the effects of titanium layer in the anodization process were analyzed and
demonstrated.

Mechanism for voids formation beneath barrier layer was explained. These
hypotheses were confirmed by comparison of results from templates with different Ti
layer thicknesses and different annealing conditions. Reactive ion etch (RIE) was used
to mitigate against process non-uniformities and to remove the barrier layer
completely. Barrier-free AAO templates with thicknesses ranging from 200 nm to
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1000 nm on ITO substrate were successfully fabricated and demonstrated by uniform
filling of CdS nanowires in the AAO pores.

Novel device configurations for the CdS-CdTe solar cells where nanowires of CdS
(embedded in aluminum oxide or free standing) were used as the window
semiconductor layer, were described with 3-D illustration. An improvement of
barrier-free AAO on ITO substrate technology was adapted by inserting an intrinsic
tin oxide layer in between to enhance the performance of nano CdS-CdTe solar cell.
The quality of electrodeposited CdS nanowires was characterized by SEM, TEM,
XRD, etc. before deposition of CdTe layer and making contact.

The device was further characterized by I-V measurement in dark and light, C-V
measurement, and low temperature I-V measurement. These cells were also compared
with the champion planar CdS-CdTe solar cell made with the same conditions. Effects
of CdS nanowire length on the device performance were analyzed. In initial
experiments, a power conversion efficiency value of 6.5% for Design A (CdS NW
embedded in AAO) and 5.1% for Design B (free-standing CdS NW) was achieved.
To our knowledge, 6.5% is the highest efficiency among all reported solar cells based
on nanowires, nanodots, nanopillars or nanorods. For this cell, open-circuit voltage,
short-circuit current density and fill factor values were 705mV, 25.3mA/cm2 and
36.4% respectively.
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Another semiconductor that is commonly used for solar cell application, namely
CuInSe2, was also made into nanowires to study its properties. Schottky diodes
between the p-type semiconductor CuInSe2 nanowires and aluminum metal were
fabricated by electrodepositing CuInSe2 into the AAO pores formed on top of an
aluminum sheet. Material characterization was performed before making a top ohmic
contact by depositing a thin layer of gold with electron-beam evaporation.

I-V and C-V measurements were conducted for this Schottky diode and electrical
properties of the nanowires were extracted. A resistivity value of 5.6 103   cm was
measured for these embedded CIS nanowires, with particle size of about 25 nm.
Non-uniform doping concentration was deducted and the formation mechanism was
discussed. A band diagram of the Schottky diode was drawn to illustrate its electric
behaviors.

For future work, it is suggested that in the fabrication of the nanowire CdS/bulk CdTe
device, close space sublimation at a high substrate temperature of 500oC be used
instead of the vacuum evaporation on substrate at room temperature. This change in
the fabrication process can be expected to yield a CdTe layer with lower
concentrations of defects and impurities and hence a higher efficiency in the
CdS-CdTe photovoltaic device.
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Appendix A: Program Code

The annotated MATLAB code was used to simulate the photo-generated current
density under AM1.5 illumination condition for the nano CdS-CdTe solar cell
structure illustrated in Chapter 5. The simulation results and plots were shown in
Chapter 3.

The cell was divided into four regions for current calculation, namely the neutral
region in CdS, the depletion region in CdS, the depletion region in CdTe and the
neutral region in CdTe. x1 ~ x4 were used to represent the distance from the CdS
surface to each interfaces of two adjacent regions. Since part of the CdTe depletion
region was above CdS nanowires and the rest was above AAO template, the current in
the depletion region of CdTe was calculated separately and added together to get the
total current, according to the porosity. The only variables used in the simulation are
the thickness of CdS film and the bandgap shift for CdS nanowires comparing with
bulk CdS. The photon flux density data were from NREL.

1. Current density in the neutral region of CdS
% Preset variables
th = 200; % CdS thickness (nm)
bs = -30; % Bandgap shift in CdS (nm)
% Constants
k = 8.6174e-5;
T = 300;
q = 1.60218e-19;
R = 0; % Assume zero surface reflection
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Lp = 2.5e-5; % Diffusion length of holes in CdS (cm)
Sp = 1e5; % Surfce recombination velocity of CdS (cm/s)
Dp = 1.2; % Diffusion coefficient of holes in CdS(cm2/s)
% Define neutral CdS region length
x1 = (th-1)*1e-7;
% Absorption coefficient for bulk CdS
PhotonEnergyCdS = [2.38 2.39 2.40 2.41 2.42 2.43 2.44 2.45 2.48 2.49 2.50...
2.51 2.58 2.63 2.70 2.77 2.84 2.93 2.99 3.05 3.09];
AbsorCoeffCdS = [108 301 825 1.96e3 5.06e3 1.23e4 1.94e4 2.60e4 6.08e4 ...
7.26e4 8.17e4 8.33e4 9.38e4 9.76e4 1.04e5 1.08e5 1.14e5 ...
1.24e5 1.29e5 1.34e5 1.39e5];
WavelengthCdS = 1.24e3./PhotonEnergyCdS;
% Photon flux data from NREL
Phi0 = xlsread('AM15.xlsx','Numeric','F4:F2005');
Phi0 = Phi0';
Lambda = xlsread('AM15.xlsx','Numeric','A4:A2005');
Lambda = Lambda';
% Add the effect of absorption edge shift in nano CdS
WavelengthCdS_shifted = WavelengthCdS + bs;
% Expand the absorption coefficient to the whole wavelength range for CdS
AlphaCdS = spline(WavelengthCdS_shifted,AbsorCoeffCdS,Lambda);
for i = 1:length(Lambda)
if AlphaCdS(i) > max(AbsorCoeffCdS)
AlphaCdS(i) = max(AbsorCoeffCdS);
end
if AlphaCdS(i) < 0
AlphaCdS(i) = 0;
end
end
a = AlphaCdS; % Denote absorption coefficient as a for simplification
% Calculate the photo-generated current density at different wavelength
% and total current density in CdS neutral region
Jp_total = 0;
for i = 1:length(Lambda)
Jp(i) = ((q*Phi0(i)*(1-R)*a(i)*Lp)/(a(i)^2*Lp^2-1))*(((Sp*Lp/Dp+...
a(i)*Lp)-exp(-a(i)*x1)*(Sp*Lp/Dp*cosh(x1/Lp)+sinh(x1/Lp)))/...
(Sp*Lp/Dp*sin(x1/Lp)+cosh(x1/Lp))-a(i)*Lp*exp(-a(i)*x1));
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Jp_total = Jp_total + Jp(i);
end
% Plot the photo-generated current density at different wavelength
figure
plot(Lambda,Jp)
xlim([300,1000])
% Show the value of total current density generated in CdS neutral region
Jp_in_CdS = Jp_total

2. Current density in the neutral region of CdTe
% Preset variables
th = 200; % CdS thickness (nm)
bs = -30; % Bandgap shift in CdS (nm)
% Constants
k = 8.6174e-5;
T = 300;
q = 1.60218e-19;
R = 0; % Assume zero surface reflection
r = 0; % Assume zero reflection at all interfaces
Ln = 8.7e-5; % Diffusion length of electrons in CdTe (cm)
Sn = 4e5; % Surfce recombination velocity of CdTe (cm/s)
Dn = 0.2; % Diffusion coefficient of electrons in CdTe(cm2/s)
% Define four region (neutral CdS, DR in CdS, DR in CdTe, neutral CdTe)
x1 = (th-1)*1e-7;
x2 = th*1e-7;
x3 = (th+2000)*1e-7;
x4 = (th+4000)*1e-7;
% Absorption coefficient for bulk CdS
PhotonEnergyCdS = [2.38 2.39 2.40 2.41 2.42 2.43 2.44 2.45 2.48 2.49 2.50...
2.51 2.58 2.63 2.70 2.77 2.84 2.93 2.99 3.05 3.09];
AbsorCoeffCdS = [108 301 825 1.96e3 5.06e3 1.23e4 1.94e4 2.60e4 6.08e4 ...
7.26e4 8.17e4 8.33e4 9.38e4 9.76e4 1.04e5 1.08e5 1.14e5 ...
1.24e5 1.29e5 1.34e5 1.39e5];
WavelengthCdS = 1.24e3./PhotonEnergyCdS;
% Absorption coefficient for bulk CdTe
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PhotonEnergy = [1.43572 1.44521 1.46438 1.49362 1.58489 1.7845 2.0359...
2.30747 2.59808 2.79341 2.9641 3.10404 3.18695 3.29371 3.8581 4.63993...
4.92345 5.25884];
AbsorCoeff = [87.394 4467.2 10064 21010.4 28491.1 38635.3 52391.3
78636.8...
124176 172718 252744 351543 464762 541213 733912.0 833217 1.22e6 1.35e6];
Wavelength = 1.24e3./PhotonEnergy;
% Photon flux data from NREL
Phi0 = xlsread('AM15.xlsx','Numeric','F4:F2005');
Phi0 = Phi0';
Lambda = xlsread('AM15.xlsx','Numeric','A4:A2005');
Lambda = Lambda';
% Add the effect of absorption edge shift in nano CdS
WavelengthCdS_shifted = WavelengthCdS + bs;
% Expand the absorption coefficient to the whole wavelength range for CdS
AlphaCdS = spline(WavelengthCdS_shifted,AbsorCoeffCdS,Lambda);
for i = 1:length(Lambda)
if AlphaCdS(i) > max(AbsorCoeffCdS)
AlphaCdS(i) = max(AbsorCoeffCdS);
end
if AlphaCdS(i) < 0
AlphaCdS(i) = 0;
end
end
% Expand the absorption coefficient to the whole wavelength range for CdTe
AlphaCdTe = spline(Wavelength,AbsorCoeff,Lambda);
for i = 1:length(Lambda)
if AlphaCdTe(i) > max(AbsorCoeff)
AlphaCdTe(i) = max(AbsorCoeff);
end
if AlphaCdTe(i) < 0
AlphaCdTe(i) = 0;
end
end
% Calculate the photon flux density at the edge of CdTe neutral region
for i = 1:length(Lambda)
Phi3(i)=
Phi0(i)*(1-R)*exp(-AlphaCdS(i)*x2)*exp(-AlphaCdTe(i)*(x3-x2));
end
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a = AlphaCdTe; % Denote absorption coefficient as a for simplification
% Calculate the photo-generated current density at different wavelength
% and total current density in CdTe neutral region
Jn_total = 0;
for i = 1:length(Lambda)
Jn(i)=q*Phi3(i)*(1-r)*a(i)*Ln/(a(i)^2*Ln^2-1)*(a(i)*Ln-(Sn*Ln/Dn*...
(cosh((x4-x3)/Ln)-exp(-a(i)*(x4-x3)))+sinh((x4-x3)/Ln)+a(i)*Ln*...
exp(-a(i)*(x4-x3)))/(Sn*Ln/Dn*sinh((x4-x3)/Ln)+cosh((x4-x3)/Ln)));
Jn_total = Jn_total + Jn(i);
end
% Plot the photo-generated current density at different wavelength
figure
plot(Lambda,Jn)
xlim([300,1000])
% Show the value of total current density generated in CdTe neutral region
Jn_in_CdTe = Jn_total

3. Current density in the depletion region of CdTe above CdS nanowires
% Preset variables
th = 200; % CdS thickness (nm)
bs = -30; % Bandgap shift in CdS (nm)
% Constants
q = 1.60218e-19;
R = 0; % Assume zero surface reflection
QE = 1; % Assume 100% quantum efficiency
% Define four region (neutral CdS, DR in CdS, DR in CdTe, neutral CdTe)
x1 = (th-1)*1e-7;
x2 = th*1e-7;
x3 = (th+2000)*1e-7;
x4 = (th+4000)*1e-7;

% Absorption coefficient for bulk CdTe
PhotonEnergy = [1.43572 1.44521 1.46438 1.49362 1.58489 1.7845 2.0359...
2.30747 2.59808 2.79341 2.9641 3.10404 3.18695 3.29371 3.8581 4.63993...
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4.92345 5.25884];
AbsorCoeff = [87.394 4467.2 10064 21010.4 28491.1 38635.3 52391.3
78636.8...
124176 172718 252744 351543 464762 541213 733912.0 833217 1.22e6 1.35e6];
Wavelength = 1.24e3./PhotonEnergy;
% Absorption coefficient for bulk CdS, similarly
PhotonEnergyCdS = [2.38 2.39 2.40 2.41 2.42 2.43 2.44 2.45 2.48 2.49 2.50...
2.51 2.58 2.63 2.70 2.77 2.84 2.93 2.99 3.05 3.09];
AbsorCoeffCdS = [108 301 825 1.96e3 5.06e3 1.23e4 1.94e4 2.60e4 6.08e4 ...
7.26e4 8.17e4 8.33e4 9.38e4 9.76e4 1.04e5 1.08e5 1.14e5 ...
1.24e5 1.29e5 1.34e5 1.39e5];
WavelengthCdS = 1.24e3./PhotonEnergyCdS;
% Photon flux data from NREL
Phi0 = xlsread('AM15.xlsx','Numeric','F4:F2005');
Phi0 = Phi0';
Lambda = xlsread('AM15.xlsx','Numeric','A4:A2005');
Lambda = Lambda';
% Add the effect of absorption edge shift in nano CdS
WavelengthCdS_shifted = WavelengthCdS + bs;
% Expand the absorption coefficient to the whole wavelength range for CdTe
AlphaCdTe = spline(Wavelength,AbsorCoeff,Lambda);
for i = 1:length(Lambda)
if AlphaCdTe(i) > max(AbsorCoeff)
AlphaCdTe(i) = max(AbsorCoeff);
end
if AlphaCdTe(i) < 0
AlphaCdTe(i) = 0;
end
end
% Expand the absorption coefficient to the whole wavelength range for CdS
AlphaCdS = spline(WavelengthCdS_shifted,AbsorCoeffCdS,Lambda);
for i = 1:length(Lambda)
if AlphaCdS(i) > max(AbsorCoeffCdS)
AlphaCdS(i) = max(AbsorCoeffCdS);
end
if AlphaCdS(i) < 0
AlphaCdS(i) = 0;
end
end
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% Calculate the photo-generated current density at different wavelength
% and total current density in CdTe depletion region above CdS
Jtotal = 0;
for i = 1:length(Lambda)
Phi3(i)=
Phi0(i)*(1-R)*exp(-AlphaCdS(i)*x2)*exp(-AlphaCdTe(i)*(x3-x2));
Phi1(i) = Phi0(i)*(1-R)*exp(-AlphaCdS(i)*x1);
J(i) = q*(Phi1(i)-Phi3(i))*QE;
Jtotal = Jtotal + J(i);
end
% Plot the photo-generated current density at different wavelength
figure
plot(Lambda,J)
xlim([300,1000])
% Show the value of total current density in CdTe DR above CdS
Jdr_CdS = Jtotal

4. Current density in the depletion region of CdTe above AAO template
% Preset variables
th = 200; % CdS thickness (nm)
bs = -30; % Bandgap shift in CdS (nm)
% Constants
q = 1.60218e-19;
R = 0; % Assume zero surface reflection
QE = 1; % Assume 100% quantum efficiency
% Define four region (neutral CdS, DR in CdS, DR in CdTe, neutral CdTe)
x1 = (th-1)*1e-7;
x2 = th*1e-7;
x3 = (th+2000)*1e-7;
x4 = (th+4000)*1e-7;
% Absorption coefficient for bulk CdTe
PhotonEnergy = [1.43572 1.44521 1.46438 1.49362 1.58489 1.7845 2.0359...
2.30747 2.59808 2.79341 2.9641 3.10404 3.18695 3.29371 3.8581 4.63993...
4.92345 5.25884];
AbsorCoeff = [87.394 4467.2 10064 21010.4 28491.1 38635.3 52391.3
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78636.8...
124176 172718 252744 351543 464762 541213 733912.0 833217 1.22e6 1.35e6];
Wavelength = 1.24e3./PhotonEnergy;
% Photon flux data from NREL
Phi0 = xlsread('AM15.xlsx','Numeric','F4:F2005');
Phi0 = Phi0';
Lambda = xlsread('AM15.xlsx','Numeric','A4:A2005');
Lambda = Lambda';
% Expand the absorption coefficient to the whole wavelength range
Alpha = spline(Wavelength,AbsorCoeff,Lambda);
for i = 1:length(Lambda)
if Alpha(i) > max(AbsorCoeff)
Alpha(i) = max(AbsorCoeff);
end
if Alpha(i) < 0
Alpha(i) = 0;
end
end
% Calculate the photo-generated current density at different wavelength
% and total current density in CdTe depletion region above AAO
Jtotal = 0;
for i = 1:length(Lambda)
Phi3(i) = Phi0(i)*(1-r)*exp(-Alpha(i)*(x3-x2));
J(i) = q*(Phi0(i)-Phi3(i))*QE;
Jtotal = Jtotal + J(i);
end
% Plot the photo-generated current density at different wavelength
figure
plot(Lambda,J)
xlim([300,1000])
% Show the value of total current density in CdTe DR above AAO
Jdr_AAO = Jtotal
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